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ABSTRACT 
 
Electron Beam Irradiation for Improving Safety of Fruits and Vegetables. (May 2011) 
Megha Sarthak Adavi, B.S., Bangalore University; M.S., Institute of Correspondence 
Education, University of Madras 
Chair of Advisory Committee: Dr. Alejandro Castillo  
 
Increase in consumption of fresh cut produce over the past decade has resulted in 
a rise in incidents of food borne outbreaks due to pathogens. Conventional techniques of 
sanitizing washes may not be effective since the organic matter released from the fresh 
produce use up the free chlorine thus reducing the sanitizing potential of wash water just 
when it is needed most and a heat treatment step to kill pathogens cannot be applied if 
the purpose is to consume fresh produce. Electron beam (e-beam) irradiation was used to 
treat cut cantaloupe, cut roma tomatoes, baby spinach, romaine lettuce which were 
surface inoculated with a cocktail of Salmonella and E. coli O157:H7. Results showed 
that irradiation reduced Salmonella and E. coli O157:H7 significantly with increasing 
doses at 0.2, 0.4, 0.6, 0.8, and 1.0 kGy. The D10-value for Salmonella on irradiated cut 
cantaloupe, cut roma tomatoes, baby spinach, and romaine lettuce was found to be 0.71 
kGy, 0.64 kGy, 0.19 kGy, and 0.23 kGy respectively. The D10-value for E. coli O157:H7 
on the produce listed above was found to be 0.73 kGy, 0.54 kGy, 0.18 kGy, and 0.20 
kGy respectively. 
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Low dose e-beam irradiation was found to be an excellent tool for ensuring the 
reduction of spoilage organisms and extending shelf life in cut cantaloupe, cut roma 
tomatoes, baby spinach, romaine lettuce, strawberries, and green onion. The produce 
were tested for 12 days of storage for aerobic plate count, yeast and mold, lactic bacteria, 
color, texture, and respiration rate as a function of irradiation doses 0, 1, 3, and 5 kGy. 
Aerobic plate counts, yeast counts, and lactic acid bacteria were reduced appreciably at 
all doses tested on all commodities. Molds did not grow on any samples including 
control for cut cantaloupe, cut tomatoes, and green onion but for the other commodities, 
mold was reduced at the same rate as yeasts and vegetative bacteria. Lactic acid bacteria 
were reduced at all doses while the reduction was highest with 5 kGy in all commodities. 
When irradiated with 5 kGy, during storage, strawberries, spinach, and green onion 
displayed wet, soggy and mushy appearance, romaine lettuce leaves were wilted, had a 
translucent midrib and brown pigmentation. E-beam irradiation increased respiration rate 
for all samples on day 0 compared to non-irradiated control irrespective of the 
commodity type and the effect was dose dependent. Firmness reduced appreciably for 
cut roma tomatoes, baby spinach, strawberries, romaine lettuce, and green onion with 
increasing doses. Cut cantaloupe was low in firmness but the effect was not dose 
dependent. 
  Irradiation at low doses is a promising tool to reduce pathogens and enhance 
keeping quality of cut cantaloupe, cut tomatoes, baby spinach, romaine lettuce, 
strawberries, and green onion.  Irradiation is to be implemented as part of an overall 
HACCP plan and is not meant to replace existing control measures. 
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INTRODUCTION 
 
 The food supply in the United States remains one of the safest in the world 
according to Food and Drug Administration (FDA) and yet there have been 72 food-
borne illness outbreaks associated with fresh produce from 1996 to 2006, and a quarter 
of those outbreaks were tied to fresh-cut produce (43). Fresh produce is usually 
consumed raw, and there is no kill step to eliminate pathogens. Conventional techniques 
of decontamination used in the industry include sanitizing washes containing chlorine to 
kill microorganisms which have not proven effective against internalized or embedded 
pathogens. It is a well-known fact that the best method to eliminate pathogens from 
produce is to prevent contamination, as washing, even with disinfectants, can only 
reduce but not eliminate pathogens. Hence, the fresh produce industry is in need of a kill 
step to ensure the safety of produce. An alternative may be irradiation which is emerging 
as a promising tool to enhance safety and extend shelf life of fresh and fresh cut produce.  
Gamma rays have been the most extensively studied form of irradiation and have 
been successfully applied to spices, tubers, grains and meat products for the space 
program. However, consumer reluctance has limited its application over a broad range of 
food stuffs. As a result, alternate irradiation technologies such as e-beam and X-rays are 
attracting attention as possible decontamination tools. The FDA recently has amended 
food additive regulations to permit the irradiation of fresh iceberg lettuce and spinach in 
___________ 
This thesis follows the style of Journal of Food Protection. 
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order to kill microbial pathogens and enhance shelf life. The potential for application of 
this novel irradiation technology needs to be studied more extensively so that the 
treatment can be applied to a variety of fresh cut produce. The present study was 
conducted to evaluate the effectiveness of e-beam irradiation in pathogen reduction in 
cut roma tomatoes, cut cantaloupe, baby spinach, and romaine lettuce. Based on the 
results, D10-values for reduction of Salmonella and E. coli O157:H7 were computed. 
These commodities have been associated with outbreaks linked to pathogens. Also, the 
effect of e-beam irradiation on the shelf- life of cut roma tomato, cut cantaloupe, baby 
spinach, romaine lettuce, strawberries, and green onion was evaluated. Effect of 
irradiation on quality parameters such as color, texture, respiration rate, and microbial 
counts was studied. Recommendations on keeping quality of the packed commodities 
based on microbial safety and acceptable quality was proposed. 
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REVIEW OF LITERATURE 
 
Produce borne illness  
Outbreaks linked to fresh produce 
During the last three decades, consumption of fresh fruits and vegetables in the 
US has increased due to awareness of the health benefits from eating fresh produce. 
Fresh produce is an important part of a healthy diet, but concerns about its safety have 
been raised as they represent the second leading cause of food borne illnesses in the US 
(41, 93). An increasing number of outbreaks caused by food borne pathogens that were 
reported by the Centers for Disease Control and Prevention (CDC) (18) have been 
associated with fresh produce consumption. The proportion of outbreaks linked to fresh 
produce increased from <1% of all reported outbreaks with a known food vehicle in the 
1970s to 6% in the 1990s (93). Since the mid-1990s, outbreaks linked to raspberries, 
green onions, and strawberries along with other commodities have also been reported. In 
2008, a large outbreak of salmonellosis caused by Salmonella Saintpaul was traced to 
hot peppers and possibly tomatoes (19). Salmonella Poona has been repeatedly linked to 
imported cantaloupes (16) which underline the challenges related to fresh produce.  
 
Outbreaks of foodborne disease associated with cantaloupe 
Outbreaks linked to Salmonella have been reported throughout the US and 
Canada and cantaloupe has been the commodity implicated (7, 16, 61). Three multistate 
outbreaks of S. Poona infections associated with eating cantaloupe imported from 
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Mexico occurred in the spring of 2000, 2001 and 2002 and S. Poona was implicated in 
these (16). In 1997, an outbreak (24 cases) of Salmonella serogroup Saphra infection in 
California was associated with imported Mexican cantaloupe (61). As a result, in 
October 2002, the FDA banned import of cantaloupes grown in Mexico citing unsanitary 
conditions and the outbreaks as prime reasons. 
DelRosario et al. (23) reported an outbreak of foodborne illness caused by E. coli 
O157:H7 which was apparently caused by the consumption of cantaloupe in a restaurant 
in Oregon (23).The consumption of cantaloupe or other items in the salad bar were most 
likely cross-contaminated by meat products during preparation (33). 
 
Outbreaks of foodborne disease associated with tomatoes 
Four separate outbreaks of foodborne illness associated with the consumption of 
fresh produce were reported in 2006 in the US and the commodities identified to be the 
vehicles were spinach, lettuce, and tomatoes (25). Tomatoes are more commonly 
associated with outbreaks of Salmonella infection, although Shigella also has been 
associated with consumption of tomatoes (88). In 2004, the CDC reported three 
outbreaks of Salmonella infection associated with eating roma tomatoes. In one of these 
outbreaks, which was linked to eating roma tomatoes at various sites of a delicatessen 
chain, multiple serotypes were isolated. A field packing operation, and 3 packing house 
operations were identified as possible sources of the Salmonella. However, a specific 
source of contamination during packing could not be identified. A number of Salmonella 
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serovars (Javiana, Montevideo, Anatum, and Newport) have been repeatedly implicated 
in outbreaks linked to whole or chopped tomatoes (18). 
 
Outbreaks of foodborne disease associated with leafy greens 
 In 2006, pre-bagged baby spinach contaminated with E. coli O157:H7 caused 
205 illnesses and 3 deaths across 26 US states and one Canadian province (98). E. coli 
O157:H7 is clearly a public health concern since it is the second most important causal 
agent of outbreaks linked to fresh produce (93). The impact of the 2006 bagged spinach 
outbreak was recognized with a marked decrease in consumption of spinach and related 
products. The consumption of bagged spinach decreased by 43%, bagged salad 
containing spinach decreased by 42%, and bagged salad not containing spinach 
decreased by 8% in a span of 24 weeks (34). 
According to Rangel et al. (86) and Delaquis et al. (22), lettuce was the single 
most frequently implicated commodity among the reported outbreaks in fall 2006. The 
US CDC reported 634 cases of illness due to 20 outbreaks linked to the consumption of 
lettuce contaminated with E. coli O157:H7 during 1998 to 2005 (56). Lettuce appears to 
be more susceptible to bacterial contamination. A number of outbreaks caused by E. coli 
O157:H7 have been linked to the consumption of lettuce (95). E. coli O157:H7 is the 
most commonly implicated pathogen causing outbreaks associated with spinach and 
other leafy greens (10, 86, 93) and Solomon et al. (94) reported that the pathogen is 
transmitted through manure, irrigation water and can be eventually be internalised in the 
lettuce leaves. 
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Outbreaks of foodborne disease associated with berries 
Outbreaks caused by Hepatitis A Virus (HAV) have been associated with fruits 
including frozen raspberries and strawberries and have been traced to poor handling 
issues (85, 87). In these outbreaks, the fruits used were frozen and the foods had not 
been cooked, thus the HAV was not destroyed. A multistate outbreak of HAV was 
traced to frozen strawberries processed at a single plant and Niu et al. (74) found that 
among 827 students and 60 teachers at an elementary school in Georgia during a 2-week 
period, 15 developed HAV. An outbreak of cyclosporiasis was reported in North 
America in 1996 associated with the consumption of Guatemalan raspberries (42). 
Although various berries, including strawberries which were served at various events, 
were thought to be possible means of infection, Guatemalan raspberries were ultimately 
implicated (42). Guyader et al. (52) reported a gastroenteritis outbreak in Sweden caused 
by norovirus traced back to consumption of raspberry cakes as source of outbreak. 
Raspberries have been implicated in outbreak of gastroenteritis caused by calcivirus 
linked to consumption of frozen raspberries in Finland (78). 
 
Outbreaks of foodborne disease associated with green onions 
Several recent outbreaks of foodborne illness have been associated with 
consumption of green onions contaminated with HAV (24). The role of food in the 
transmission of the norovirus (20) and (HAV) has been reported (60), with fresh produce 
being one of the most commonly implicated foods (7). HAV can contaminate foods 
through infected workers and food handlers in processing plants and restaurants; these 
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were the likely causes of numerous outbreaks involving fresh produce like green onions 
(17). The largest documented food borne outbreak of HAV in the US occurred in 2003 
in Pennsylvania and resulted in more than 600 cases and 3 deaths (107). This outbreak 
was traced to green onions that came from two farms in Mexico after ruling out the food 
handlers as source of contamination. 
 The likely source of the HAV appeared to be the raw onions themselves, which 
had been contaminated either before or during packing into boxes at the farms. Because 
onions are used as an ingredient in several dishes served at the restaurant, the 
contaminated green onions were chopped and stored in bulk, providing the opportunity 
for cross-contamination to other onions and ingredients, which may have contributed to 
the size of this outbreak (107). 
 
Decontamination strategies for fresh produce 
Risk management tools used currently for controlling contamination of fresh 
green leafy vegetables are based on prevention and are mostly centered on good 
agricultural practices (GAPs) and good manufacturing practices (GMPs), which provide 
guidelines to prevent and reduce biological contamination of fresh vegetables from 
known sources. In addition, methods of decontamination are commonly used, and 
include washed with chlorinated water or other approved sanitizers. According to FDA’s 
Guide to Minimize Microbial Food Safety Hazards for Fresh Fruits and Vegetables, to 
sanitize is to treat clean produce by a process that is effective in destroying or 
substantially reducing the numbers of microorganisms of public health concern as well 
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as other undesirable microorganisms, without adversely affecting the quality of the 
product or its safety for the consumer (99).  
However, the effectiveness of these applications may be limited by a variety of 
factors. Chlorine, which is the most widely used sanitizer for disinfecting fruits and 
vegetables in the food industry depletes rapidly in presence of high organic material. It 
can also form potentially carcinogenic organochlorine compounds by reacting with trace 
amounts of organic material (28). While microbial reduction occurs with use of 
sanitizing solutions, the effect is short lived as the microorganisms soon grow back to 
similar numbers as the control (water wash) (35). There is a real need to find alternatives 
for reducing pathogens in fresh cut fruit and vegetables in order to improve the efficacy 
of washing treatments. 
  
Chlorine 
 
Chlorine is the most commonly used sanitizer by the fresh produce industry. A 
wash with 1% H2O2 results in pathogen reduction at the same level as chlorine according 
to Sapers et al. (91).  Aqueous chlorine dioxide (ClO2) has been proposed as an 
alternative to sodium hypochlorite (NaClO) for fresh-cut produce sanitization by Lopez 
–Galvez et al. (55). According to these authors, the advantage of using aqueous chlorine 
dioxide is eliminating risks associated with chlorination byproducts, and they saw that 
trihalomethanes (THMs) were detected only in wash water containing sodium 
hypochlorite used to wash lettuce. Lopez-Galvez et al. (55) have suggested that aqueous 
chlorine dioxide is equally suitable as sodium hypochlorite for fresh-cut lettuce 
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sanitation with the advantage of preventing the formation of THMs. Casteel et al. (13) 
reported that coliphage MS2 (bacteriophage which is commonly used as a surrogate for 
some pathogenic viruses and indicator of fecal contamination) was reduced on 
inoculated strawberries by 68, 92 and 96% when treated with water added with sodium 
hypochlorite  at concentrations of free chlorine of ≤ 2, 20 and 200 mg/l, respectively 
(13).  
Although use of chlorine by the produce industry has been reported for several 
decades, Wei et al. (106) reported that treatment with chlorine at 100 ppm for 2 min did 
not significantly reduce Salmonella  both at the stem scar (3.98 log CFU/g) and the skin 
(3.25 log CFU/g). The fruit and vegetable structure and morphology like the 
hydrophobic cutin, uneven or damaged epidermis, as well as the ability of 
microorganisms to internalize in the product limit the efficacy of decontamination 
treatments (11). Ukuku (102) reported that cantaloupes which are sanitized using 
sanitizers (200 ppm chlorine or 2.5% hydrogen peroxide for 2 min.) show reduction in 
Salmonella  population but are more susceptible to recontamination with the bacterial 
pathogen compared to untreated controls during subsequent handling. 
Chlorine solutions are widely used in the fresh and fresh-cut produce industry to 
disinfect the wash water used in washing/rinsing fresh produce. Chlorine water reduces 
microbial populations and prevents cross contamination during water re-use and re-
circulation. However, the large amount of organic material present on the fresh produce 
takes up free chlorine thus reducing the sanitizing potential of wash water just when it is 
needed most (108).  
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Organic acids 
Several studies demonstrated the limited efficacy of chlorine in reducing 
microbial populations on the surface of fresh produce. Hence, alternatives such as use of 
organic acids have gained importance. The efficacy of organic acid washes (lactic, 
acetic, citric, peracetic, propionic) in reducing microbial populations on the surface of 
fruits and vegetables has been investigated (67). Alvarado-Casillas et al. (2) have 
reported that 2% L lactic acid by spray was the treatment that resulted in the lowest 
bacterial counts on both cantaloupes and bell peppers without any changes in sensorial 
characteristics. Lactic acid was reported to be superior compared to chlorine in 
effectively reducing internalized salmonellae in tomatoes (45).  
Treatment with organic acids combined with ozone has been investigated by Yuk 
et al. (111) who demonstrated that the combination did not have a residual antimicrobial 
effect during storage and the pathogen counts increased up to 9 log CFU/g. The 
combination of ozone-organic acid treatment was found to be more effective in reducing 
the pathogen levels on lettuce than individual treatments (111). When lettuce was treated 
with a combination of lactic acid and hydrogen peroxide, a 4-log reduction for E. coli 
O157:H7 and Salmonella and a 3-log reduction for Listeria monocytogenes were 
obtained (54). 
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Irradiation as an alternative treatment 
History 
 Food irradiation has been in development since the early decades of the 
twentieth century. In 1963, the US saw its first approval of food irradiation when FDA 
approved its use to control insects in wheat and wheat flour. In 1964, additional approval 
was given to inhibit the development of sprouts in white potatoes (3). . From then on, 
through 2008, various foods have been approved for irradiation including various herbs, 
spices, vegetable seasonings, pork, fruits, vegetables, grains, frozen poultry, chilled red 
meat and meat products. Higher doses that sterilize frozen and packaged meats were 
approved in 1995 for use by National Aeronautics and Space Administration (NASA) 
only (101). Irradiation has been approved by FDA to control food borne pathogens in 
raw poultry with a dose range of 1.5 – 3.0 kGy. In addition, irradiation of raw 
refrigerated and frozen meat has been approved recently with maximum doses of 4.7 and 
7 kGy, respectively (100). FDA has also recently approved use of irradiation dose up to 
3 kGy in shell eggs with the intention of significantly reducing populations of 
Salmonella spp (100). However, irradiation has not yet obtained a significant place in the 
US food industry.  
 
Ionizing radiation  
There are three types of ionizing energy that can be used for irradiation of food: 
X-rays, electron beam and gamma rays. Linear accelerators are used to generate a beam 
of electrons and the food can be treated by exposure to these electrons. X-rays are 
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produced when the electrons from the accelerator are stopped by a metal target (such as 
tungsten) and the food is therefore exposed to X-rays (4). The amount of energy 
produced by electron beam can be adjusted. Gamma rays are produced by radioisotopes 
that continuously emit the high energy gamma rays. The approved sources of gamma 
rays for food irradiation are cobalt- 60 (the most common) and cesium-137 (4).  
Both, gamma and x-rays have no mass and hence have higher penetrating power 
whereas electrons have a small mass and hence get slowed down as they enter the target 
matrix. X-rays are slightly more penetrating than gamma rays (4). Electron beams have a 
higher energy level (10 MeV) compared to gamma rays but low penetration potential 
(3.5 in, dual beam) and hence are best used for surface and subsurface irradiation of 
foods (45). The advantage of electron beam over a radioisotope is high dose rate as 
opposed to the slower process of exposure of the product to gamma rays that originate 
from a source that has to be stored under water.  
 
Dosimetry 
The success of radiation processing of food depends to a large extent on the 
ability of the processor to measure the dose delivered to the food product. Radiation 
dosimetry is the calculation of the absorbed dose in matter and tissue resulting from the 
exposure to ionizing radiation indirectly and directly. Dosimetry is achieved using 
dosimeters which are made of radiation sensitive material like alanine or radiochromic 
films. It is paramount to have a reliable dosimetry since the decontamination processes 
for food industry and sterilization of health care products are highly regulated, especially 
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with respect to absorbed dose. Thus, accurate dosimetry is indispensable. According to 
Olson (75), irradiation of foods causes release of free radicals that are unstable and react 
with other chemical compounds in the food system to form stable radiolytic compounds. 
The radiochromic films change color when irradiated and can be quantified using a 
spectrophotometer. The amino acid alanine, when exposed to irradiation forms free 
radicals that can be measured and correlated to the absorbed dose using electron spin 
resonance spectrometry (75). 
 
Irradiation in fresh cut produce 
Food irradiation is a promising new food safety technology that can eliminate 
disease-causing microorganisms from foods. The application of ionizing irradiation to 
control spoilage microorganism increases shelf life of irradiated strawberries, lettuce, 
sweet onions, and carrots (96). Zhang et al. (113) showed experimentally that the 
number of aerobic mesophilic bacteria on fresh cut lettuce irradiated with 1.0 kGy was 
reduced by 2.35 logs and also proved that the best treatment of maintaining quality of 
fresh-cut lettuce appeared to be 1.0kGy irradiation. The added advantage in this case was 
that the sensory quality was maintained for a period of 8 days at 4°C. Farkas et al. (32) 
showed that ionizing radiation at 1kGy reduced loads of bacteria, improved 
microbiological shelf life, and extended sensory quality of pre-cut bell peppers and 
carrots thus proving that irradiation are highly effective for inactivation of food borne 
pathogens and parasites in various vegetables. 
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Studies on irradiation were done in combination with other methods of sanitation 
as in case of Kim et al. (48), who studied the effect of warm water dip in combination 
with irradiation on quality of fresh-cut green onions. Irradiation at all tested doses 
reduced APCs and the development of decay and off-odor, improved visual quality, and 
preserved green color. The warm water dip followed by irradiation showed reduction in 
APCs by 0.9 log CFU/g initially but the beneficial effect disappeared during storage. 
Boynton et al. (8) studied effects of low dose e-beam radiation on fresh cut cantaloupes 
and showed that a high dose of 1.5kGy resulted in initial APC reductions of 1.5 log 
compared to the non-irradiated controls, and also prevented the 2.5 to 3 log APC 
increases seen in controls after 10 – 11 days of storage. 
 
D10-values for Salmonella and E. coli O157:H7 in fresh cut produce 
Studies have been conducted in the past to determine the D10-value for pathogens 
in various foods using gamma irradiation however, not much has been reported for D10-
value using electron beam irradiation. Various factors play a role in determining the 
radiation sensitivity of organisms and hence their D10-value is specific to certain 
parameters under which it is determined. Composition of the medium is the most 
significant factor along with temperature of the product and moisture content. Niemira 
(68) studied effect of gamma irradiation on spinach and lettuce with internalized 
pathogens using a cocktail of 3 isolates of E. coli O157:H7. A D10-value of 0.39 kGy 
was reported in romaine lettuce. In spinach leaves, the pathogen had a biphasic response, 
15 
 
with a D10-value of 0.27 kGy in the range of 0 to 0.75 kGy but only slight additional 
reductions from 0.75 to 1.5 kGy. 
Treatment by gamma radiation on seasoned spinach gave a D10-value of 0.37 
kGy for S. Typhimurium according to Lee et al. (53). Low energy X-ray was used to 
determine D10-value for E. coli O157:H7 on iceberg lettuce by Sanghyup et al. (90). A 
dip inoculation protocol yielded a D10- value of 0.04 kGy whereas the spot inoculation 
method gave a D10- value of 0.078 kGy (90). In another study by Neal et al. (66) 
treatment by e-beam radiation at a dose of 0.40 kGy on baby spinach resulted in a 
reduction in populations of E. coli O157:H7 and Salmonella of 3.7 and 3.4 log cycles, 
respectively. However, at 0.70 kGy, both pathogens were reduced by 4 logs. 
In one of the studies Prakash et al. (81) examined the efficacy of combined 
irradiation and a 1% calcium chloride dip to reduce the population of Salmonella enteric 
strains on diced tomatoes. D10-value results ranged from 0.26 to 0.39 kGy, indicating 
that a 5 log CFU/g reduction in Salmonella spp. in diced tomatoes needs a dose of 1.3 – 
1.95 kGy. Another study on cut tomatoes by Schmidt et al. (92) noticed different 
radiation responses for two serotypes of Salmonella which illustrates that the radiation 
sensitivity varies within the same pathogen species. An interesting finding by James et 
al. (46) who studied the e-beam effect on nalidixic acid-resistant S. Montevideo in 
cooked tomato puree of various pH values found that at pH 4.4 and 4.9, S. Montevideo 
had a D10-value of 1.07 and 1.50 respectively.  
Studies on pathogen reduction on cantaloupes using e-beam are very limited. 
Palekar (77) reported a D10-value of 0.211 kGy for S. Poona on cut cantaloupes treated 
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with e-beam irradiation in one study and in another study reported a 1.1 log reduction at 
0.7 kGy and 3.6 log reduction at 1.5 kGy on cut cantaloupes for S. Poona. This indicates 
that radiation sensitivity of a pathogen is dependent on various factors. Radiation 
sensitivity can be a function of product type, dose rate, sample preparation, and type of 
radiation. For example, the D10-value of E. coli O157:H7 and S. Typhimurium 
inoculated on broccoli, red radish, broccoli sprout, and red radish sprout showed 
statistically significant differences (0.09, 0.86 kGy) between samples treated with E-
beam (2.5 MeV) and those treated with gamma ray (105). 
To make efficient use of irradiation as a treatment to control pathogens, it is 
imperative to plan a study to obtain information on fresh produce. This study is expected 
to facilitate collection of useful data for further development of strategies for reducing 
pathogens in fresh and fresh-cut produce after GAPs and GMPs are applied.  
Accordingly we hypothesize that the D10-values for Salmonella and E. coli 
O157:H7 have a non-linear relationship with the e-beam dose applied and will depend 
on the type of produce used. Thus, higher D10-values will be obtained at lower e-beam 
doses and lower D10-values at higher e-beam doses. 
Furthermore, we propose that the range of D10-values that are useful for these 
microorganisms will be defined by the maximum e-beam dose that is tolerable to the 
type of produce used. Thus, a high dose of e-beam can be applied to produce in question 
without causing any perceivable change in quality parameters. 
The purpose of this study was to determine D10-value for Salmonella and 
Escherichia coli O157:H7 on romaine lettuce, spinach, fresh-cut cantaloupe, and fresh-
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cut roma tomatoes irradiated with electron beam. In addition also evaluate efficacy of e-
beam irradiation to determine the maximum dose of e-beam irradiation that can be 
irradiated onto fresh cut roma tomatoes, fresh cut cantaloupe, romaine lettuce, baby 
spinach, strawberries, and green onion without changes in firmness, color, respiration 
rate, and microbial counts. 
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MATERIALS AND METHODS 
 
Phase 1  
Determination of D10-value for Salmonella and E. coli O157:H7 on lettuce, spinach, 
fresh-cut cantaloupes, and fresh-cut tomatoes. 
 
Bacterial cultures 
Rifampicin-resistant strains of Salmonella enterica serotypes Poona, 
Montevideo, Agona, Michigan, and Gaminara and rifampicin-resistant strains of E.coli 
O157:H7 (designated R1, R8, R18, R41, and R34) were obtained from the culture 
collection of the Texas A&M University’s Center for Food Safety. All isolates were 
derived from parent strains obtained from beef cattle carcass sources. The strains (Rif+) 
were stored at -80°C until further use. 
 
Inoculum preparation 
The microorganisms were resuscitated by transferring to tryptic soy broth (TSB; 
Difco, Detroit, MI) and incubated at 35°C for 18-24 h. The cells were then streaked on 
tryptic soy agar (TSA; Difco, Detroit, MI) slants and stored at 4-5°C until they were 
needed for the experiment. Prior to use, resistance to rifampicin was confirmed by 
streaking each organism onto TSA plates supplemented with 0.1 g/L rifampicin (Sigma, 
St Louis, MO) and incubated at 35°C for 18-24 h. Confirmation of Salmonella cultures 
was done by biochemical tests on triple sugar iron agar (TSIA, BD Diagnostic Systems, 
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Sparks, MD) and lysine iron agar (LIA, BD Diagnostic Systems, Sparks, MD) slants. 
Serotypes of E.coli O157:H7 were streaked on sheep blood agar plates (BD Biosciences, 
Cockeysville, MD). Isolated colonies were then confirmed for O157 and H7 antibodies 
using the RIM E.coli O157:H7 kit (Remel, Lenexa, KS). Characteristic colonies were 
then maintained on TSA slants until the day of the experiment. The day before the 
experiment, each isolate was transferred into 20 ml TSB and incubated at 35°C for 18-24 
h. The cells were then harvested by centrifugation at 2191 x g in a Jouan B4i centrifuge 
(Thermo-Fisher Scientific) for 15 min at 25 °C. Each of the cell pellets obtained were re-
suspended in 25ml 0.1% sterile phosphate buffer saline (Calbiochem, San Diego, CA). A 
bacterial cocktail of all the 10 isolates (5 each of Salmonella and E. coli O157:H7) was 
prepared by mixing 25 ml each of the re-suspended pellet in a sterile Erlenmeyer flask 
prior to inoculating. The average final concentration of E. coli O157:H7 and Salmonella 
in the cocktail was 8.0 and 8.6 CFU/ml respectively.  
 
Produce 
Fresh romaine lettuce heads, baby spinach, cantaloupes and roma tomatoes were 
obtained from a local wholesaler (Scarmardo Produce Co., Bryan, TX) and stored at 5°C 
overnight. The inoculation was done on the day before the irradiation treatment. For 
each commodity, a total of 54 samples (9 samples x 6 doses) were packed. Two 
additional sets of 9 samples were packed for back- up and speed check.   
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Inoculation of produce 
Romaine lettuce and baby spinach – Romaine lettuce heads were separated into 
individual leaves. For both lettuce and spinach, leaves that were damaged, bruised or 
dirty were discarded. For the treatment, 10 g leaves (typically a single leaf for romaine 
lettuce) were weighed out and placed inside a sterile Stomacher® bag (Seward 
Scientific, London, England). The leaf/leaves inside the Stomacher® bag was surface 
inoculated with 1 ml of the cocktail previously described with a micropipette inside a 
microbiological safety cabinet. The bag was lightly shaken just enough to ensure 
uniform distribution of the inoculum on the entire leaf surface. The leaves were then left 
to dry inside the cabinet for 1 h until the leaves were dry enough and the inoculum did 
not flow outside the leaf surface. The Stomacher® bags were then vacuum sealed to 
avoid air pockets in the sample. For each treatment dose, nine samples were used. Three 
Stomacher® bags were packed one beside the other inside one 95 kPa leak-proof 
specimen transport bag (Inmark, Inc., Atlanta, GA) with the inoculated surface facing 
up.  
Roma tomato and cantaloupe - The tomatoes and cantaloupes (skin peeled with 
sterile knives) were cut into cylinders of uniform diameter using a sterile hollow 
stainless steel cylinder of 1.5 in diameter (area 1.77 in2). Extra flesh was removed using 
a sterile knife to get a uniform thickness of approximately 5mm for tomatoes and 3.5 
mm for cantaloupe. Each piece weighing about 10 g was placed in sterile petri dishes 
with flesh facing up. The surface was inoculated with 0.1 ml of the bacterial cocktail 
previously described with a micropipette, swirled lightly ensuring uniform distribution 
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and air dried inside a microbiological safety cabinet for 1 h. For each treatment dose, 
nine pieces/samples were arranged inside a sterile Stomacher® bag so as to have 3 
pieces in a row and 3 such rows were arranged on top of another using sterile forceps. 
The inoculated surface was facing up and the packs were vacuum sealed. The 
Stomacher® bag was then packed inside a leak-proof specimen transport bag as 
described previously. In this case, one transport bag had all the nine samples. 
 
Irradiation treatment 
The irradiation treatment was carried out at the Texas AgriLife Research’s 
National Center for Electron Beam Food Research located within the Texas A&M 
campus. A pit and tower system with a single beam 10-MeV and 15-kW linear 
accelerator was used for this study (LINAC, Varian, Palo Alto, CA).  The inoculated 
samples contained within the specimen transport bags were transported to the E-beam 
center in an insulated cooler (Igloo Products Corp, Katy, TX) with refrigerant packs 
(UTEK 30°F, Polyfoam Packers Co. Wheeling, IL)  and were subjected to e-beam 
irradiation at increasing doses between 0 (control) and 1kGy, with increments of 0.2 
kGy. The electron beam was incident from the top and the samples were made to pass 
under the beam in a cardboard tray placed on a conveyor belt. The area of operation 
inside the e-beam center was maintained at 5°C. 
Speed check bags for the 4 commodities were run with the inoculated surface 
facing up to check for the surface dose. A pack of 11 HDPE attenuation sheets (12 in x 
12 in x 4.8 mm) and 1 sheet (12 in x 12 in x 1.6 mm) (King Plastic Corp Inc, North Fort, 
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FL) were used on the top and bottom of the bags and the conveyor belt speed was 
adjusted as needed to achieve the target dose. 
 
Dose mapping 
Dose mapping was achieved using alanine pellets (Bruker Instruments, 
Rheinstetten, Germany) placed on the bag between 2 pieces of the produce so that the 
leaf and the pellet are at the same level. Each pack was run with 2 dosimeters placed 
diagonally opposite on top. Absorbed dose on the dosimeters was analyzed using an 
electron paramagnetic resonance instrument (EMS 104 EPR analyzer, Bruker 
Instruments, Karlsruhe, Germany). The average final doses for all commodities are 
shown in Table 1. 
 
 
TABLE 1. Commodities with average dose delivered for D10-value determination 
Commodity Average Dose (kGy) 
Cut cantaloupe 0,  0.20,  0.40,  0.66,  0.79,  1.0 
Cut tomtato 0,  0.21,  0.40,  0.59,  0.80,  1.0 
Baby spinach 0,  0.22,  0.38,  0.60,  0.83,  1.08 
Romaine lettuce 0,  0.22,  0.40,  0.65,  0.84,  1.09 
 
 
 
Sampling and microbiological analysis 
Produce treated with irradiation were analyzed for presence of E. coli O157:H7 
and Salmonella. For romaine lettuce and baby spinach, contents of each Stomacher® bag 
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were pummeled with 90 ml of sterile 0.1% peptone water (BD Diagnostic Systems, 
Sparks, MD) in a stomacher (Seward Scientific, London, England) for 1 min. For tomato 
and cantaloupe, each piece was transferred into a sterile Stomacher® bag and the 
contents were pummeled with 90 ml sterile 0.1% peptone water (BD Diagnostic 
Systems, Sparks, MD) in a stomacher (Seward Scientific, London, England) for 1 min. 
Serial dilutions were made and spread plated onto lactose sulfite phenol red rifampicin 
(LSPR), a selective and differential medium designed for simultaneous enumeration of 
rifampin-resistant E. coli and Salmonella (15). Plates were incubated for 24 - 28 h at 
35°C. Rifampicin-resistant E. coli O157:H7 produced yellow colonies on the medium, 
whereas rifampin-resistant Salmonella developed colonies with a black center 
surrounded by a pink halo. Counts of E. coli O157:H7 and Salmonella were made 
independently.  
 
Statistical analysis 
The microbiological data (plate counts) were transformed to log value for data 
analysis. Log (N/N0), where N is survival population and N0 is initial population for each 
commodity were plotted against the dose of e-beam energy applied. Linear regression 
analysis was conducted to establish the effect of the dose on the bacterial counts using 
Microsoft Excel 2007 (Microsoft Corp. Redmond, WA). From the regression line, the 
slope of the line was calculated and the D-value (dose necessary to reduce the bacterial 
population by 1 log cycle) was reported as the reciprocal of the slope of the regression 
line. 
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Phase 2 
Determine the maximum dose of e-beam energy that can be irradiated onto romaine 
lettuce, baby spinach, roma tomatoes, cantaloupes, green onion, and Strawberries 
without changes in firmness, color, respiration rate, and microbial counts over a storage 
period of 12 days. 
 
Produce 
Fresh romaine lettuce heads, baby spinach, cantaloupes, green onions, roma 
tomatoes, and strawberries were obtained from a local wholesaler (Scarmardo Produce 
Co., Bryan, TX) and stored at 5°C overnight.  
 
Packing of produce for treatment   
Produce was packed in Ziploc® bags as described below for each commodity. To 
prevent atmosphere modification inside the bag, small perforations (~20) were made on 
each bag using sterile needles. Then, air was manually flushed out before bags were 
closed. Produce was packed the day before the treatment and stored at 5°C overnight. In 
all cases, the contents of the bag were spread evenly to make the bag as flat as possible. 
All handling and packing was done using sterile gloves and forceps. 
For each treatment dose, separate packs for texture, respiration rate, and 
microbiological analysis were used and all packs were prepared in triplicate. For color 
and respiration rate, the same packs were used throughout the storage. For irradiation 
treatments, 1 bag for speed check and an additional bag for storage were prepared for 
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each treatment dose in all 6 commodities. The packed commodities were all stored at 
5°C overnight until treated. Post treatment, packs were stored at 5°C for 12 days and 
samples were analyzed on 0, 3, 6, 9, and 12 days of storage for color, texture, respiration 
rate and microbiological counts. For microbiological counts and respiration rate analysis, 
1 sample each from the three bags was used each sampling day. For color and texture, 3 
samples from each of the three bags were analyzed. Produce that did not receive any 
treatment was used as control or dose 0.  
Romaine lettuce - romaine lettuce heads were separated into individual leaves 
and outer leaves which were damaged, bruised or dirty were discarded. For color 
analysis, 3 leaves marked as 1, 2 and 3 were packed in a Ziploc® bag (10.75 in x 12 in). 
For texture, a total of 15 leaves were packed (5 leaves x 3 Ziploc® bags). For respiration 
rate, 6 leaves and for microbial analysis, 6 leaves each weighing 10 g was packed in a 
Ziploc® bag.  
Baby spinach - For texture and microbial analysis, 60 g spinach was packed in a 
Ziploc® bag (10.75 in x 12 in). For respiration rate, 50 g spinach was packed in a Ziploc® 
bag (10.75 in x 12 in). After treatment, 3 leaves each from each replicate were removed 
from the bags marked for texture and were numbered 1, 2, and 3. These leaves were 
packed in a Ziploc® bag (6.75 in x 7 in) and used for color measurement throughout the 
study.  
Roma tomatoes – Tomatoes were cut into 3.5 cm x 3.5 cm pieces and the core 
and seeds removed using sterile knives. For color, 3 pieces were packed in a Ziploc® bag 
(6.75 in x 4.25 in). For texture, 15 pieces were packed in a Ziploc® bag (6.75 in x 7 in). 
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For respiration rate, 8 pieces were packed, and for microbial analysis, 6 pieces were 
packed in a Ziploc® bag (6.75 in x 4.25 in).  
Cantaloupe – Cantaloupes were washed with water, peeled and cut into pieces of 
size 3.5 cm x 3.5 cm x 1.5 cm using sterile knives. Separate knives were used for peeling 
and cutting to avoid cross contamination. For color, 3 pieces were packed in a Ziploc® 
bag (6.75 in x 4.25 in). For texture, 15 pieces were packed in a Ziploc® bag (6.75 in x 7 
in). For respiration rate, 8 pieces were packed, and for microbial analysis, 6 pieces were 
packed in a Ziploc® bag (6.75 in x 4.25 in).  
Strawberries - For color, 3 fruits were packed in a Ziploc® bag (6.75 in x 4.25 in). 
For texture, 15 fruits were packed in a Ziploc® bag (6.75 in x 7 in). For respiration rate, 4 
pieces were packed and for microbial analysis, 6 small fruits weighing ~ 10 g were 
packed in a Ziploc® bag (6.75 in x 4.25 in). 
Green onion – The leaves of green onion were cut by an inch and 10 pieces were 
packed in a Ziploc® bag (10.75 in x 12 in) fo texture, respiration rate and microbial 
counts. After treatment, 3 pieces each from each replicate were removed from the bags 
marked for texture and were numbered 1, 2, and 3. They were packed in another Ziploc® 
bag (10.75 in x 12 in) and used for measuring color. 
 
Irradiation treatment 
Samples were transported to the Texas AgriLife Research’s National Center for 
Electron Beam Food Research located within the Texas A&M campus and the 
irradiation treatment was carried out as described previously. Irradiation was done at 
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target doses of 1, 3, and 5 kGy. The electron beam was incident from the top and the 
samples were made to pass under the beam in a cardboard tray placed on a conveyor 
belt. The area of operation inside the e-beam centre was maintained at 5°C. All the speed 
check bags were run to check for the entry and exit dose and the conveyor belt speed 
was adjusted accordingly to achieve the target dose. 
 
Dose mapping 
Dose mapping was achieved using alanine dosimeter film strips (BioMax, 
Eastman Kodak Co., Rochester, N.Y.). For running speed checks, two alanine strips 
were taped to the pack, one top and one at the bottom. The pack was secured on a 
cardboard tray in between 2 single layers of HDPE attenuation sheets (12 in x 12 in x 4.8 
mm) with an adhesive tape. The produce packed for treatment were split between 2 
cardboard trays and for each tray, 2 dosimeters were placed diagonally on top and 2 
dosimeters were placed diagonally on the bottom of a pack. The packs were secured in 
the same way before placing them on the conveyor belt. Absorbed dose on the 
dosimeters was analyzed using an electron paramagnetic resonance instrument (EMS 
104 EPR analyzer, Bruker Instruments, Karlsruhe, Germany). The average final doses 
for all commodities are shown in Table 2.  
 
Color analysis 
Color was measured using Minolta CR-300 handheld colorimeter (Minolta 
Camera Co., Osaka, Japan). The colorimeter was calibrated with a standard white plate 
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  TABLE 2. Commodities with average dose delivered for quality analysis 
Commodity Average Dose (kGy) 
Cut cantaloupe 1.09,   3.22,   5.20 
Cut tomato 1.03,   3.15,   5.17 
Baby spinach 1.01,   3.05,   5.16 
Romaine lettuce 1.10,   3.07,   5.07 
Strawberries 1.07,   2.92,   5.43 
Green onion 1.03,   3.05,   5.11 
 
 
(C, Y = 93.4, x = 0.3136, y = 0.3195) before use each sampling day. L, a, b values were 
measured under ‘C’ illumination. For measuring color of cantaloupe, tomato, and 
strawberries, calibration was done with a cling wrap placed on the white tile since the 
samples were also covered with the wrap for color measurement. For lettuce, spinach 
and green onions, no wrap was used. Nine measurements were done in L, a, b color 
space per commodity per dose. Results for color were reported as chroma values 
calculated as (a2+b2)1/2. The chroma or saturation of a color is a measure of how intense 
or pure the color is. High chroma colors look rich and full. Low chroma colors look dull 
and grayish. 
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Texture (firmness) analysis 
Texture (firmness) of the produce was measured using a texture analyzer TA-
XT2i texture analyzer (Texture Technology Corp. - Stable Micro Systems Ltd., Surrey, 
UK) with a 50 kg load cell. The instrument was calibrated prior to use on each day of 
analysis. The probes used were different for different produce due to the nature of the 
produce. Individual tomato pieces were placed over a metal plate with the flesh facing 
up and punctured equatorially through the flesh using a puncture probe with a diameter 
of 3 mm, a pre-test speed of 10 mm/s, test speed of 1 mm/s and a post test speed of 5 
mm/s to a penetration depth of 5 mm. Individual cantaloupe pieces were placed over a 
metal plate and punctured equatorially through the flesh using a puncture probe with a 
diameter of 3 mm, a pre-test speed of 10 mm/s, test speed of 1 mm/s and a post test 
speed of 5 mm/s to a penetration depth of 8 mm. Each strawberry was cut on either side 
along the length to make it flat and placed flat over a metal plate and punctured 
equatorially through the flesh closer to the skin and away from the centre hole using a 
puncture probe with a diameter of 3 mm, a pre-test speed of 10 mm/s, test speed of 1 
mm/s and a post test speed of 5 mm/s to a penetration depth of 5 mm. 
Kramer shear cell with a sample holder (internal dimension 82 × 63 × 89 mm3) 
and a five blade attachment was used in analyzing texture for spinach, lettuce, and green 
onion. The texture analyzer was calibrated each time a measuring probe was changed. 
Ten g of spinach was placed inside the sample holder and punctured with 5 parallel 
blades at a pre-test speed of 10 mm/s, test speed of 1 mm/s and a post test speed of 5 
mm/s until all the leaves were crushed. Lettuce leaf weighing 10 g was cut across the 
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leaf into pieces of 8 cm length to fit inside the sample holder and punctured with 5 
parallel blades at a pre-test speed of 10 mm/s, test speed of 1 mm/s and a post test speed 
of 5 mm/s until the entire leaf was crushed. Green onion weighing 10 g was cut into 
pieces of 8 cm length to fit inside the sample holder and punctured with 5 parallel blades 
at a pre-test speed of 10 mm/s, test speed of 1 mm/s and a post test speed of 5 mm/s until 
the entire leaf was crushed. Nine measurements were done per commodity per dose and 
the mean force in Newton was recorded. 
 
Respiration rate analysis  
Respiration rate was measured using the closed system methodology. The 
irradiated produce in each replicate bag was weighed and transferred to an airtight glass 
jars at 5°C and stored for a set period of time. Cut tomato and green onion were stored 
for 2 h, cut cantaloupe, strawberries, spinach, and lettuce were stored for 1 h. A rubber 
septum was attached in the center of a rubber lined lid for each glass jar for gas 
sampling. Gas samples in duplicate were taken at the designated time intervals, using a 1 
ml syringe. The needle was inserted into a CO2 gas analyzer Horiba PIR-2000 (Horiba, 
Irving, CA) to measure CO2 composition. Each sampling day, 1 ml of 0.5% CO2 was 
injected as a reference. After sampling of gas from the jars, the produce was put back in 
the same Ziploc® bag for use on the next sampling day. Produce samples were taken 
from 3 bags and placed in 3 glass jars per dose and 2 headspace samples were drawn 
from each jar. 
 
31 
 
Microbiological analysis 
Each sampling day, 10 g were removed from the Ziploc® bag using sterile 
forceps, transferred to a Stomacher® bag containing 90ml sterile 0.1% peptone water 
and pummeled in a stomacher 400 for 1 min. From this homogenized sample, serial ten-
fold dilutions were made and 1ml from each dilution was plated on PetrifilmTM (3M 
Corp., St Paul, MN) for Aerobic Plate Counts (APC) and Yeast and Mold counts 
(YNM). For Lactic Acid Bacteria counts (LAB), the pour plate technique was used in De 
Mann Rogosa Sharpe Agar media (MRS, Difco, Detroit, MI). After the agar solidified, 
an additional layer of the medium was poured before incubation. The APC PetrifilmTM 
were incubated at 25°C for 48 h, YNM at 25°C for 3-5 days and LAB plates at 35°C for 
48h. Three samples were analyzed per commodity per dose. 
 
Statistical analysis 
Microbial counts were transformed logarithmically before statistical analysis. 
Difference in firmness and chroma values, as well as microbiological counts over 
storage time were determined as a function of the doses of energy applied using the 
Least Square Mean function in SAS. All the values are presented at a level of α = 0.05. 
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RESULTS AND DISCUSSION 
 
D10-value for Salmonella and E. coli O157:H7 on irradiated baby spinach, romaine 
lettuce, cut cantaloupe, and cut roma tomatoes 
 
Baby spinach 
Irradiation of baby spinach at increasing dose levels between 0 and 1.08 kGy 
yielded a linear dose-survival curve for Salmonella (R2= 0.98) and for E. coli O157:H7 
(R2 = 0.97) (Fig. 1). There was a5.5 log CFU/g reduction from the non- irradiated 
control (7.6 log CFU/g) and samples irradiated at 1.08 kGy (2.1 log CFU/g) for 
Salmonella and a 5.7 log CFU/g reduction from the non- irradiated control (7.6 log 
CFU/g) and samples irradiated at 1.08 kGy (1.9 log CFU/g) for E. coli O157:H7.  
A D10-value of 0.19 kGy for Salmonella and 0.18 kGy for E. coli O157:H7 in 
baby spinach is reported in this study. This is in agreement with the D10-value 
determined by Neal et al. (61) and Gomes et al. (33) for E. coli O157:H7. Both these 
studies determined D10-value only for E. coli O157:H7 using e-beam but the dose range 
was higher in the study done by Gomes et al. (upto 2.5 kGy). In both studies, the 
inoculated sample packs were not vacuum sealed before treatment. Studies have been 
conducted in the past to determine the D10-value for pathogens in various foods using 
gamma irradiation however; studies on D10-value using electron beam irradiation are 
limited. Various factors play a role in determining the radiation sensitivity of organisms 
and hence their D10-value is specific to certain parameters under which it is determined. 
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FIGURE 1. Death curve of Salmonella and E. coli O157:H7 in baby spinach with 
increasing doses of irradiation. 
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Niemira (68) studied effect of gamma radiation on spinach and lettuce with 
internalized pathogens using a cocktail of 3 isolates of E. coli O157:H7and observed a 
biphasic response for the pathogen on spinach. For a dose range of 0 to 0.75 kGy, the 
D10-value reported was 0.27 kGy but for the dose range of 0.75 to 1.5 kGy, reduction in 
pathogen population was marginal. Composition of the medium is the most significant 
factor along with temperature of the product and moisture content. Lee et al. (53) quoted 
a D10-value of 0.37 kGy for Salmonella Typhimurium and 0.42 kGy for E. coli O157:H7 
on seasoned spinach which is higher than that obtained in this study. Niemira et al. (71) 
found significant increase in D10-value for E. coli O157:H7 from 0.19 kGy to 0.43 kGy 
in romaine lettuce and 0.54 kGy in spinach when treated with gamma radiation. In this 
case, the inoculated produce was stored for 72 h before treatment and the result was 
attributed to the formation of a bio-film upon storage, which protects the bacteria and 
reduces the antimicrobial efficacy of irradiation. This observation may serve as a guide 
to the processor or packer of leafy green vegetables. 
 
Romaine lettuce  
In case of romaine lettuce, the dose survival curve was linear with R2= 0.99 for 
Salmonella and R2= 0.99 for E. coli O157:H7. A reduction of 4.9 log CFU/g was seen 
for Salmonella with 1.09 kGy. The reduction for E .coli O157:H7 was 5.4 CFU/g with 
1.09 kGy. The slopes of the lines were -4.3355 and -5.0697 for Salmonella and E. coli 
O157:H7 respectively (Fig.  2) and the D10-value obtained was 0.23 kGy and 0.20 kGy 
for Salmonella and E. coli O157:H7 respectively. Niemira (73) studied effect of gamma 
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irradiation on romaine lettuce with internalized pathogens using a cocktail of 3 isolates 
of E. coli O157:H7. A D10-value of 0.39 kGy was reported which is higher than the 
value reported in this study which indicates that leaf internalized E. coli O157:H7 is 
more irradiation resistant than the ones which are attached to the produce surface.  
Niemira et al. (73) reported an approximately three to fourfold higher value for 
internalized pathogen than that obtained for surface inoculated E. coli O157:H7 on red 
leaf (0.12 kGy) and green leaf (0.12 kGy) lettuces. However, in that study D10-values 
were also obtained in homogenized leaf tissue, a model system intended to predict the 
effect of leaf chemistry on internalized bacteria. In homogenized leaf tissue, the D10-
value of E. coli O157:H7 was 0.33–0.34 kGy (red leaf, green leaf, and Boston). 
Radiation sensitivity is largely influenced by the nature of the food substrate in which 
the pathogen is suspended (73). Niemira et al. (69, 70) reported that the lettuce varieties 
influenced radiation sensitivity however, this phenomenon was not observed by Gomes 
et al. (37) who did not report any significant differences in D10-value of E. coli O157:H7 
among the lettuce varieties.  Effects of X-ray radiation on E. coli O157:H7 and S. 
enterica inoculated on shredded iceberg lettuce were studied by Mahmoud (58) who 
found a significant reduction in pathogen population (4.4, and 4.8 log) with 1 kGy 
treatment. With a 2.0 kGy X-ray, more than a 5 log CFU/g reduction was achieved. 
When iceberg lettuce was treated with low energy X-rays which was either dip 
inoculated or spot inoculated, the D10-values for E. coli O157:H7 were much lower - 
0.04 kGy and 0.078 kGy respectively. 
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FIGURE 2. Death curve of Salmonella and E. coli O157:H7 in romaine lettuce with 
increasing doses of irradiation.  
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hence did not affect the ability to draw conclusions. The A reduction of 0.9 log CFU/g 
was seen from control (6.7 log CFU/g) to dose 0.66 kGy (5.8 log CFU/g). The slope was 
-1.4014 and the D10-value from the reciprocal of slope was found to be 0.71 kGy. For E. 
coli O157:H7, graph was plotted with 3 data points (0 kgy, 0.20 kGy, and 0.66 kGy), 
since the counts for the remaining doses were inconsistent. The data point for 0.40 kGy 
was then fitted using the regression equation (Fig. 3). The slope for the fitted line was 
found to be -1.3682 with R2= 0.99 and hence a D10-value of 0.73 kGy is proposed for E. 
coli O157:H7 on cut cantaloupe.  
Studies on pathogen reduction on cantaloupes using e-beam are very limited. 
Palekar (77) reported a D10-value of 0.211 kGy for S. Poona on cut cantaloupe treated 
with e-beam irradiation in one study and in another study reported a 1.1 log reduction at 
0.7 kGy and 3.6 log reduction at 1.5 kGy on cut cantaloupe for S. Poona (77) illustrating 
the fact that radiation sensitivity can be a function of product type, dose rate, sample 
preparation, and type of radiation. For example, the D10-values using e-beam for E. coli 
O157:H7 and S. Typhimurium inoculated on broccoli seeds was 0.99 and 0.60 kGy 
respectively and for red radish seeds was 1.85 and 1.35 kGy respectively. The D10-
values using gamma radiation for E. coli O157:H7 and S. Typhimurium inoculated on 
broccoli seeds was 1.18 and 0.81 kGy respectively and on red radish seeds was 0.99kGy 
and 0.80 kGy respectively (105).   The same study determined D10-values using e-beam  
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FIGURE 3. Death curve of Salmonella and E. coli O157:H7 in cut cantaloupe with 
increasing doses of irradiation.  
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for gamma radiation respectively (105). 
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Cut roma tomato 
Irradiated cut roma tomato yielded a linear plot for dose vs survival for 
Salmonella with a slope -1.5552 (R2= 0.97) (Fig. 4). A log reduction of 1.5 CFU/g was 
observed between control (6.6 CFU/g) and 1 kGy (5.1 kGy). Based on the slope 
obtained, a D10-value of 0.64 kGy is proposed for Salmonella. Dose survival plot for E. 
coli O157:H7 was also linear with slope -1.8404 (R2= 0.91) and a log reduction of 1.7 
CFU/g was observed between control (6.5 log CFU/g) and 1 kGy (4.8 log CFU/g). A 
D10-value of 0.54 kGy is proposed for E. coli O157:H7 in cut roma tomato.  
In a previous study Prakash et al. (81) examined the efficacy of combined 
irradiation and a 1% calcium chloride dip to reduce the population of Salmonella 
enterica strains on diced tomatoes. The reported D10-values ranged from 0.26 to 0.39 
kGy. Another study on cut tomatoes by Schmidt et al. (92) evaluated effect of e-beam on 
two serotypes of Salmonella. While S. Montevideo showed a 1.8 and 2.2 log CFU/g 
reduction with 0.7 and 0.95 kGy respectively, S. Agona showed a 1.3 and 1.5 log CFU/g 
reduction at the same doses. James et al. (46) studied e-beam effect on nalidixic acid 
resistant S. Montevideo in cooked tomato puree of various pH values and reported that at 
pH 4.4 and 4.9, the D10-values were 1.07 and 1.50 kGy respectively. This study indicates 
that pH plays an important role in radiation sensitivity. 
 Studies focusing on D10-value determination for pathogens in produce are 
scarce. Grant et al. (38) reported D10-values ranging between 0.37 and 0.70 kGy for 
different Salmonella serotypes in commodities such as mashed potato, roast potato, and 
cauliflower. Rajkowski et al. (84) reported D10-values for sprouts which were inoculated 
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FIGURE 4. Death curve of Salmonella and E. coli O157:H7 in cut roma tomato with 
increasing doses of irradiation. 
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encountered in fruits. When the pathogen and the surrogate were inoculated in a real 
fruit cantaloupe, the D10-values obtained were higher than those obtained with the model 
foods. This indicates that a model food system may not reproduce the variability of the 
real situation (i.e., pH, composition, and microstructure). 
The differences in D10-value of E. coli O157:H7 and Salmonella seen in this 
study in leafy green vegetables and cut tomato and cantaloupe may be attributed to the 
composition of the medium in which the pathogens are suspended.  For example, 
different strains of Salmonella tested in orange juice were found to have D10-values 
ranging from 0.35 to 0.71 kGy, depending on the strain (72).   
These differences may also be due to the packaging environment in which the 
produce are packed for irradiation treatment. According to Farkas (31), oxygen content 
has a role to play in the radiation resistance of microbes. Presence of oxygen increases 
the lethal effect of irradiation. In absence of oxygen and in the presence of moisture, the 
radiation resistance increases 2 folds. In absence of moisture (dry conditions) without 
oxygen, resistance can increase by a factor of > 8 (31). The microstructure of the surface 
on which the pathogens were inoculated also needs to be studied closely to understand 
the radiation resistance of the pathogens in question since the structure of the produce 
surface varies tremendously in lettuce and spinach to cut tomato and cut cantaloupe. 
While the leafy greens have a smooth microstructure, the cut tomato and cantaloupe 
have an uneven surface. The pathogens were inoculated onto the flesh of tomato and 
cantaloupe, the microstructure of the surface of which is relatively irregular; therefore 
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the microorganism may have been located in sections with different superficial and 
geometric characteristics leading to different sensitivity to radiation.  
The use of e-beam irradiation for food safety purposes is an evolving research 
area, and the biological changes that take place during the irradiation of fresh-cut 
produce are not yet fully understood. D10-values for any foodstuff should be established 
by taking into consideration all possible physical and environmental parameters beyond 
the characteristics of the target pathogen.  
 
Quality and shelf life of fresh produce treated with high doses of e-beam radiation 
 
Cut cantaloupe  
Firmness 
The firmness of cantaloupe irradiated at 1.09, 3.22, and 5.20 kGy was 
significantly (P < 0.05) lower than the control on day 0 (5.26 N), while the firmness 
value between 1.09, 3.22, and 5.20 kGy was not significantly different (P > 0.05) (Table 
3). This observation is consistent with the study by Palekar (76) who saw lower firmness 
values for cantaloupe slices treated with e-beam dose 1.4 kGy but the slices treated with 
0.7 kGy did not show any difference compared to non-irradiated control. However, a 
previous study conducted by Castell-Perez (14) reported no significant textural changes 
in fresh cut cantaloupe at low doses of 1 and 1.5 kGy, while at dose 3.1 kGy the 
cantaloupe had firmer texture. This was attributed to the presence of air in the packages 
which reduced overall density of the target thus improving penetration.  
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Boynton et al. (8) observed in a study that the inherent variability in the melons 
used gave no clear trends in differences in the texture of fresh cut cantaloupe packed in 
MAP treated with e-beam treatment doses of 0.5 and 1.0 kGy. In a second study 
however, no significant differences between treatments were observed at any storage 
dates. In another study by Boynton (9), the cantaloupe pieces were treated with 0.3, 0.6, 
and 0.9 kGy e-beam dose. Firmness value for control cantaloupe cubes were highest on 
day 0 but softened between day 0 and 2 whereas firmness of all irradiated cantaloupe 
cubes did not change during storage. 
 There was an interaction between irradiation dose and storage time for firmness 
(Fig. 5). Firmness values for the control decreased over storage whereas firmness of 
irradiated fruits did not change over time (Fig. 5). 
 
Color 
 Chroma values changed significantly (P < 0.05) for irradiated cut cantaloupe 
samples at all doses tested (1.09, 3.22, 5.20 kGy) compared to the non-irradiated control 
(Table 3) Chroma is indicative of the intensity/saturation of the color and all irradiated 
samples showed an increase in chroma values on day 0, the highest value was seen for 
dose 3.22 kGy (34.74) which is significantly (P < 0.05) higher than the control value 
28.78. With Boynton et al. (8) reported no difference in color throughout storage period 
of 18 days, regardless of treatment. No specific trends were seen across time within 
 
 
 Table 3. Least squares means for firmness, chroma, respiration rate (ml CO2/ kg-h), APCs, Yeast, molds, and LAB for cut 
cantaloupe as affected by different dosage of electron beam irradiation. 
 
 
 
 
 
 
 
 
 
 
 
 
a is the P-value from Analysis of Variance table 
RMSE = Root Mean Square Error  
bcde Means within the same column and effect that have a common letter are not significantly different (P > 0.05)
Effect Chroma APC Yeasts Mold LAB 
RMSE 3.82 0.58 0.62 N/A 0.56 
Dose <0.0001a <0.0001a <0.0001a N/A <0.0001a 
0 28.78b 6.3e 1.7c <1b 6.3d 
1.09 31.39c 2.7b 1.0b <1 b 3.2c 
3.22 34.74d 3.8d <1b <1 b 2.0b 
5.20 31.93c 3.3c <1b <1 b 2.4b 
Days 0.0265a <0.0001a <0.0001a N/A <0.0001a 
0 32.77c 1.5b <1b <1 b 1.8b 
3 31.76c 1.8b <1b <1 b 2.4c 
6 31.70bc 4.5c <1b <1 b 4.0d 
9 32.36c 5.4d 1.0b <1 b 4.1d 
12 29.97b 6.9e 2.1c <1 b 5.0e 
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FIGURE 5.  Least squares means of firmness values (N) for cut cantaloupe as affected by interaction between storage days 
and irradiation dose as obtained using a texture analyzer. Data points with the same letter are not significantly different (P > 
0.05). 
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treatments between 0, 0.5, and 1.5 kGy and the color for fresh-cut cantaloupe remained 
stable for 18 days. Palekar et al. (76) reported that there was no change in L*, hue or 
chroma for cut cantaloupes irradiated at 0.7 and 1.4 kGy using e-beam. Fan et al (28) 
studied color changes in fresh cut cantaloupes that were treated with low dose gamma 
radiation after a hot or cold water wash on the whole fruit. They observed no change in 
chroma values at 0.5 kGy. There was no significant (P > 0.05) time and dose interaction 
for chroma.  
 
Respiration rate 
 Respiration rate was higher for all e-beam treated samples on day 0 compared to 
the non- irradiated control (Table 3). Respiration rate decreased for cut cantaloupe at all 
doses tested (1.09, 3.22, and 5.20 kGy) including non- irradiated control from day 0 to 
day 3.  From day 3 onwards, all irradiated samples had a lower but stable respiration 
rate. Respiration rate increased on day 9 and 12 for control indicating that the product 
underwent further cellular damage or senescence which may have increased the 
respiration rate. Minimally processed vegetables suffer substantial mechanical injury and 
tissue damage due to cutting and processing. The resulting increase in respiration rate 
according to Adam et al. (1) may be associated with an activation of glycolysis and 
sugar consumption. E-beam irradiation is known to injure cells when hit by electrons 
causing an increase in metabolism and respiration rate. Boynton et al. (8) made similar 
observations on cut cantaloupe treated with low doses of e-beam noting that irradiated 
samples had a lower and more stable rate of respiration than non-irradiated control 
  
 
 
 
FIGURE 6.  Least square mean respiration rate values (ml CO2 / kg-h) for cut cantaloupe as affected by interaction between 
storage days and irradiation dose. Data points with the same letter are not significantly different (P > 0.05). 
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samples for approximately 20 days under MAP. In another study by Boynton et al. (9), 
cantaloupes which were not packed in a MAP were treated with low dose e 
beam.Respiration rates were initially higher in irradiated cantaloupe but over a storage 
period of 8 days, respiration rate reduced and was comparable to the control. There was 
an interaction between storage time and irradiation dose for respiration rate (P < 0.05) 
(Fig. 6). Respiration rate for control increased during storage and reached day 0 levels 
by the end of storage. All irradiated samples had a lower respiration rate throughout 
storage (Fig. 6) 
 
Microbiological counts  
E-beam irradiation reduced the APCs on cut cantaloupe from 6.3 log CFU/g 
(control) to 2.4 log CFU/g for 1.09 kGy, 3.5 log CFU/g for 3.22 kGy, and 3.0 log CFU/g 
for 5.20 kGy (Table 3). On day 0, APCs for non-irradiated control was 3.8 log CFU/g 
and was below detection limit of 1 log CFU/g for all irradiated samples. There was no 
growth on day 3 for the treated samples whereas the control showed a 1.2 log increase in 
APC. APCs were detected on treated samples on day 6 - 12. By the end of the storage, 
APCs were similar for all treated doses but was still lower than the control (8.2 log 
CFU/g) (Fig. 7). Irradiated samples exhibited lower rate of microbial growth than the 
non-irradiated control. Boynton et al. (9) also had similar findings on e-beam treated 
fresh cut cantaloupe. Palekar et al. (76) tested wash treatments coupled with e-beam 
irradiation and their findings were also in line with this study. At 0.7 kGy, a reduction of 
  
 
 
 
FIGURE 7.  Growth of APCs on irradiated cut cantaloupe stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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2.0 log CFU/g was observed compared to the non-irradiated fruit (2.7 log CFU/g) and 
APCs were below the detection limit at 1.4 kGy (76).  
Yeast counts for cut cantaloupe were below detection limit of 1 log CFU/g for 
doses 1.09, 3.22 and 5.20 kGy including control on day 0 (Table 3). Yeast counts 
increased for the control on days 9 – 12. For dose 1.09 kGy, yeast counts increased by 
4.7 logs on day 12 (Fig. 8). Mold counts were below detection limit for non-irradiated 
control and all irradiated samples and no growth was detected in any samples during 
storage period. Previous studies have reported that e-beam irradiation had less effect on 
the YNM counts with no differences among treatments at any storage times. YNM 
counts of all samples increased approximately 4 logs by day 13 (9). Palekar et al. (76) 
reported that e-beam irradiation did not reduce yeasts to a significant extent at either 0.7 
or 1.5 kGy. The control exhibited a greater increase in yeast counts over 21 days of 
storage than cantaloupes irradiated with 0.7 or 1.5 kGy. For both doses, no difference in 
counts was observed throughout the duration of storage. For molds however, Palekar et 
al. (76) observed that with 0.7 and 1.5 kGy irradiation , a 0.5 and 1.7 log CFU/g 
reduction seen which was comparable to the control. In this study, no mold growth was 
noted even for the control. The reason could be due to the use of separate sterile knives 
for skin peeling and slicing the fruit which resulted in minimal cross contamination. 
LAB counts were reduced in all treated samples (3.1 log CFU/g with 1.09 kGy, 
4.7 log CFU/g with 3.22 kGy, and 4.3 log CFU/g with 5.20 kGy) (Table 3) compared to 
the control. There was a significant (P < 0.05) reduction in counts between the control 
and all treated samples through the entire duration of the study. However, no significant 
  
 
FIGURE 8.  Growth of yeasts on irradiated cut cantaloupe stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05).  
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FIGURE 9.  Growth of LAB on irradiated cut cantaloupe stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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 (P > 0.05) difference was noted in counts between 3.22 and 5.20 kGy (Fig. 9). Yeasts, 
molds, and gram-positive spoilage organisms, such as LAB, are more resistant to 
irradiation than gram-negative organisms, such as Salmonella (62). Previous studies 
have shown that LAB grow well at refrigeration temperatures especially in a sugar-rich 
medium like cantaloupe. They have been shown to increase by 3.5 log CFU/g on fresh-
cut cantaloupe stored at 4°C for 14 days (51). No LAB counts were detected at 4°C 
which was also evidenced by the absence of lactic acid production in the fruit throughout 
storage. Palekar et al. (76) in their study on irradiated sliced cantaloupe reported 
reduction in LAB counts by 0.2 CFU/g with 0.7 kGy and 2.9 CFU/g with 1.5 kGy on 
day 0. Also, there was no significant difference in counts between the control and 
samples irradiated at 0.7 kGy throughout the duration of the study. 
 
Cut roma tomatoes  
Firmness 
For cut roma tomato, change in firmness was significant (P < 0.05) for all doses 
tested as compared to non-irradiated control (2.91 N). The difference was dose 
dependent with 1.03 kGy exhibiting least reduction in firmness value (2.17 N) and 5.17 
kGy exhibiting a greater decrease (1.28 N) (Table 4). There was no significant 
interaction between storage time and irradiation dose in case of firmness. Previous 
studies have shown irradiation effects on whole tomatoes as in case of El Assi (26) who 
saw changes in firmness in irradiated whole tomato and pericarp tissue. These authors 
reported that the trend in firmness change was dose dependent over storage.  In another 
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study, the textural properties of carrot, potato, and beetroot decreased as the dose of 
gamma irradiation increased up to 12.0 kGy (64). The histological examination of the 
plant material confirmed that gamma irradiation resulted in breaking up of cell walls, 
which resulted in the softening of the tissue but a pre-treatment with calcium was found 
to reduce the damage. Similar findings were reported by Magee et al. (57) for cut roma 
tomatoes where instrumental firmness reduced for all gamma irradiated all samples; 
however, when the tomatoes were dipped in 1% calcium chloride and 2% calcium 
lactate solution, samples remained firmer than the water-dipped control.   
 
Color 
 E-beam irradiation on cut roma tomatoes decreased chroma values when the dose 
applied was 5.17 kGy. However, with 1.03 and 3.15 kGy, no significant (P < 0.05) 
difference in chroma values was noted compared to the non-irradiated control (Table 4). 
On day 0, chroma value for control was 16.95 whereas with 1.03 and 3.15, 5.17 kGy, the 
values were 19.00, 18.56, and 15.68 respectively. In this study, there was no time and 
dose interaction for chroma. Chroma values on day 0 were lower for all samples 
including control compared to day 3 which could be attributed to the variability caused 
by the colorimeter operator. Though no studies have reported color changes in e-beam 
irradiated cut tomatoes, effects of gamma radiation in biosynthesis of carotenoids in 
tomato fruit was studied by Villegas et al. (103) who noted that radiation retarded red 
color development in ripening tomato fruits. The results also indicated that the synthesis 
 Table 4. Least squares means for firmness (N), chroma, respiration rate (ml CO2/ kg-h), APCs, Yeasts, LAB for cut roma 
tomato as affected by different dosage of electron beam irradiation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a is the P-value from Analysis of Variance table 
RMSE = Root Mean Square Error  
bcdef Means within the same column and effect that have a common letter are not significantly different (P > 0.05) 
Effect Texture 
(N) 
Chroma APC Yeasts Mold LAB 
RMSE 0.66 3.32 0.54 0.33 0.0 0.60 
Dose <0.0001a <0.007a <0.0001a <0.0001a N/A <0.0001a 
0 2.91e 18.20c 6.7d 4.9e <1b 4.7d 
1.03 2.17d 18.15c 3.3c 3.2d <1 b 3.8c 
3.15 1.62c 17.32bc 3.4c 2.1c <1 b 2.1b 
5.17 1.28b 16.03b 2.8b 1.3b <1 b 1.7b 
Days 0.0008a <0.0001a <0.0001a <0.0001a         N/A <0.0001a 
0 2.21c 17.34c 1.6b 1.3b <1 b 1.3b 
3 2.20c 19.74d 1.9b 1.3b <1 b 2.2c 
6 2.03c 17.86c 4.7c 2.7c <1 b 3.4d 
9 1.90bc 16.55bc 5.3d 3.8d <1 b 3.8d 
12 1.62b 15.66b 6.8e 5.3e <1 b 4.6e 
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of beta carotene was not affected by increasing the radiation dose but lycopene 
synthesis, however, appeared to be dependent on the radiation dose.  
 
Respiration rate 
 Respiration rate was higher for all e-beam treated (1.03, 3.15, and 5.17 kGy) cut 
roma tomato samples on day 0 when compared to the non-irradiated control. But during 
storage, treated samples had a significantly (P < 0.05) lower but stable respiration rate as 
compared to the control (Table 4). There was an interaction between storage time and 
irradiation doses (P < 0.05) and the control had a higher respiration rate on day 9 and 12 
similar to cut cantaloupe in this study. While with 1.03 kGy, the respiration rate 
increased during storage, with 3.15 kGy, it did not change and with 5.17 kGy, the rate 
decreased (Fig. 10). Prakash et al. (79) noted that diced tomatoes when treated with 1% 
calcium chloride, or irradiation, or combination suppressed respiration during storage 
while the control sample had a brief rise in respiration rate on day 2. The increase in 
respiration rate of the control sample was similar to the observation made for cut 
cantaloupe in this study which could be a result of wounding induced by dicing. 
Mechanical injury accelerates water loss, and increase respiration rate in fruits and 
vegetables (6). 
 
Microbiological counts  
E-beam irradiated roma tomatoes exhibited significant reduction (P < 0.05) in 
APCs with 1.03, 3.15, and 5.17 kGy compared to non-irradiated control (Table 4). A 3.7  
  
 
 
FIGURE 10.  Least squares mean values for respiration rate (ml CO2 / kg-h) for cut roma tomatoes as affected by interaction 
between storage days and irradiation dose. Data points with the same letter are not significantly different (P > 0.05). 
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log CFU/g reduction was noted with 1.03 kGy, a 3.6 log CFU/g reduction with 3.15 kGy 
and a 4.2 log CFU/g reduction was noted compared to control (6.7 log CFU/g). APCs 
grew more rapidly with 1.03 and 3.15 kGy compared to 5.17 kGy (Fig. 11). On day 0, 
APC for non-irradiated control was 3.9 log CFU/g and was below detection limit of 1 
log CFU/g for all treated samples. There was no growth on day 3 for the treated samples 
whereas the control showed a 1.7 log CFU/g increase in APC count (Fig. 11). APCs 
were detected on treated samples on day 6-12. Results indicate that a low dose of 1.03 
kGy is sufficient to reduce APCs on cut tomatoes and maintain the counts lower than the 
non-irradiated pieces upto 12 days at 5°C. However, Prakash et al. (79) observed that 
irradiation at 1 kGy initially decreased microorganism counts (except YNM) in diced 
tomatoes by greater than 3 log CFU/g but, the microorganism populations in the 
irradiated sample reached the initial numbers of total APCs in the control samples only 
after day 8 for vine variety and day 10 for celebrity tomato. 
 Yeast counts were reduced significantly (P < 0.05) on all irradiated cut tomato 
samples compared to the non-irradiated control and the reduction was dose dependent 
(Table 4). Dose 1.03 kGy had the least reduction (1.7 log CFU/g) followed by 3.15 kGy 
(2.9 log CFU/g) and 5.17 kGy (4.1 log CFU/g) compared to the control (4.9 log CFU/g). 
Yeast counts were below detection limit of 1 log CFU/g on day 0 with dose 5.17 kGy 
and increased on days 9 and 12 (Fig. 12). The rate of growth was higher in control 
samples compared to the irradiated samples which indicate that the yeast cells were 
killed during irradiation and the residual injured cells start growing at 5°C.
  
FIGURE 11.  Growth of APCs on irradiated cut roma tomatoes stored at 5°C over 12 days. Data points with the same letter 
are not significantly different (P > 0.05). 
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FIGURE 12.  Growth of yeasts on irradiated cut roma tomatoes stored at 5°C over 12 days. Data points with the same letter 
are not significantly different (P > 0.05).
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There was a time and dose interaction (Fig. 12) showing higher rate of growth with 1.03 
kGy followed by 3.15 kGy and least growth rate with 5.17 kGy. Similar to cut 
cantaloupe in this study, no mold growth was noted in any samples including the control 
throughout the storage period. Tomato slicing was done using sterile knives thus 
preventing any cross contamination which could explain the mold counts in this study 
However, in a study where readymade packed slices of tomatoes were treated by 0.5 and 
1.24 kGy gamma radiation had 1log CFU/g reduction initially. With 1.24 kGy, a 
consistently lower YNM counts for days 3-12 was noted but  the counts reached similar 
levels for all samples of tomatoes by day 15 (82). YNM counts on tomato cubes fell 
below the lowest detection limit after treatment with irradiation with 0.7 and 0.95 kGy in 
a study by Schmidt et al. (92). 
 LAB counts were reduced by 1.0 log CFU/g with 1.03 kGy, 2.9 log CFU/g for 
3.15 kGy, and 3.4 log CFU/g with 5.17 kGy during storage (Table 4). On day 0, 
irradiation reduced the counts to below detection limit of 1 log CFU/g for all doses 
tested compared to control (3.2 log CFU/g). But counts increased for dose 1.03 kGy on 
day 3 and were as high as counts for control on day 3. By day 12, the counts for control 
and 1.03 kGy were not different (P > 0.05) but were higher than 3.15 and 5.17 kGy (Fig. 
13). Schmidt et al.  (92) reported  1.3- and 2.8-log reduction of LAB on tomato cubes 
with e-beam doses of 0.7 and 0.95 kGy, respectively but there was no difference in 
counts between the doses tested (92). LAB counts were variable in tomato cubes 
throughout the storage period of 15 days at 4°C and the most variable counts were 
reported with 0.7 kGy (92). 
  
 
FIGURE 13.  Growth of LAB on irradiated cut roma tomatoes stored at 5°C over 12 days. Data points with the same letter are 
not significantly different (P > 0.05). 
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Baby spinach 
Firmness 
 E-beam irradiation significantly (P < 0.05) decreased firmness in baby spinach 
for doses 1.01, 3.05, and 5.16 kGy as compared to non-irradiated control. The change 
was dose dependent with the least dose showing higher firmness value (158.74 N) and 
the highest dose showing least firmness value (98.46 N). The control had the maximum 
firmness (168.91 N) (Table 5). On day 0, firmness values with 1.01, 3.05, and 5.16 kGy 
were 160.27, 136.79, and 122.70 N respectively. Over the storage period, a dose 
dependent decrease in firmness was noted (Fig. 14). By day 12, values for firmness 
between control and 1.01 kGy were comparable and the spinach treated with 5.16 kGy 
had a soggy appearance. The leakage was prominent and at the end of 12 days, the 
spinach leaves were bundled up in a lump inside the bag. Irradiation at higher doses 
(above 1 kGy) is seen to cause an increase in electrolyte leakage of many fresh-cut fruits 
and vegetables (29). The soggy and wilted appearance of leafy vegetables may be due to 
increased electrolyte leakage. Electrolyte leakage is often an indication of cell membrane 
damage. In a study of thirteen vegetables, Fan and Sokorai (29) observed that red 
cabbage, broccoli, endive, celery, carrot, and green onion all had increased electrolyte 
leakage with cabbage, broccoli, and endive having the lowest increase and celery, carrot, 
and green onion had the highest increase in leakage. Gomes et al. (36) however, did not 
find any change in texture of baby spinach at 1 kGy e-beam dose. 
 
 Table 5. Least squares means for firmness (N), chroma, respiration rate (ml CO2/ kg-h), APCs, Yeast and Mold, LAB for baby 
spinach as affected by different dosage of electron beam irradiation. 
Effect Chroma APC Yeast Mold LAB 
RMSE 3.26 0.59 0.60 0.20 0.51 
Dose <0.0001a <0.0001a <0.0001a <0.0001a <0.0001a 
0 28.60b 7.6e 3.1d 2.5c 5.8e 
1.01 32.35d 4.9d 3.4d 2.2c 4.6d 
3.05 30.06c 4.3c 2.2c <1b 2.7c 
5.16 30.61c 1.2b 1.1b <1b 1.6b 
Days 0.0192a <0.0001a <0.0001a <0.0001a <0.0001a 
0 29.00b 3.4b 1.2b 1.0b 2.8b 
3 30.58c 3.6b 1.6b 1.4c 3.4c 
6 31.23c 4.9c 2.3c 1.5c 3.7cd 
9 29.90bc 5.1c 3.0d 1.7d 3.9d 
12 31.32c 5.6d 4.0e 2.1e 4.5e 
 
a is the P-value from Analysis of Variance table 
RMSE = Root Mean Square Error  
bcde Means within the same column and effect that have a common letter are not significantly different (P > 0.05). 
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FIGURE 14.  Least Square Mean values for firmness for baby spinach as affected by interaction between storage days and 
irradiation dose as obtained using a texture analyzer. Data points with the same letter are not significantly different (P > 
0.05). 
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Color 
 E-beam doses of 1.01, 3.05, and 5.16 kGy increased chroma values significantly 
(P < 0.05) compared to the non-irradiated control (Table 5). But between doses 3.05 and 
5.16, there was no statistically significant (P < 0.05) difference. There was no change in 
chroma during storage over a period of 12 days for all doses except for dose 1.01 which 
showed a very high chroma value on day 12. Gomes et al. (36) concluded that exposure 
to ionizing radiation up to 1 kGy did not affect the color attributes of the spinach leaves; 
however, samples treated at 1 kGy were yellowish after 7 days than the rest of the 
samples. X-ray treatment at 2 kGy did not significantly affect the color of spinach leaves 
(59). Neal et al. (65) reported that the panel for color evaluation found some variation in 
color of e-beam irradiated spinach, but objective measurements of lightness, hue or 
chroma values for spinach were not affected by treatment, field, or storage period and 
interactions between treatments. 
 
Respiration rate 
 E-beam treated baby spinach at all doses had higher respiration rate compared to 
control on day 0 (Table 5). Respiration rate decreased for all samples including the 
control from day 0 to day 3. There was an interaction between storage period and 
treatment dose (P < 0.05) and respiration rate decreased for control as well as all treated 
samples over storage. This may be due to wound induced injury from irradiation dose 
increasing respiration rates due to structural damage to the spinach cell walls and pectins 
  
 
FIGURE 15.  Least square means of respiration rate values (ml CO2 / kg-h) for baby spinach as affected by interaction 
between storage days and irradiation dose. Data points with the same letter are not significantly different (P > 0.05). 
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which provide structural rigidity to the leaf. Neal et al. (66) studied effect of e-beam 
irradiation on commercially available bagged baby spinach at 1.2, 2.1, and 3.2 kGy and 
reported that the respiration rate of spinach showed no changes after e-beam irradiation 
up to 2.1 kGy. 
 
Microbiological counts  
 E-beam irradiation reduced APCs in baby spinach significantly (P < 0.05) and 
the reduction was dose dependent. Highest reduction of 6.5 log CFU/g was seen with 
5.16 kGy followed by 3.3 log CFU/g reduction with 3.05 kGy and a 2.7 log CFU/g 
reduction with 1.01 kGy (Table 5). On day 0, APCs for all irradiated samples were 
significantly reduced compared to the control (6.6 log CFU/g). While APCs increased 
with 1.01 and 3.05 kGy on day 6 - 12, spinach irradiated with 5.16 kGy did not show 
any increase in APCs throughout storage (Fig. 16). This indicates that a very high e-
beam dose inflicted irreparable lethal injury to microorganisms and hence they did not 
proliferate during storage. Neal et al. (65) reported APC reduction by 2.6 and 3.2 log 
CFU/g at 0.7 and 1.4 kGy, respectively in spinach treated with e-beam. They reported an 
increase of 0.7 log CFU/g in APCs after 14 days of storage at 4°C in control. Also, the 
irradiation dose of 0.7 kGy resulted in a 2.6 log CFU/g decrease in the microbial load on 
day 0. After that a reduction of 2 log CFU/g was maintained through 14 days. Samples 
treated with 1.4 kGy resulted in a 3.2 log CFU/g reduction as compared to control 
samples on day 0 and maintained a reduction of 3 log CFU/g through a 14 day storage 
period (65).  
  
 
FIGURE 16.  Growth of APCs on irradiated baby spinach stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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Yeast counts were not significantly (P < 0.05) different for dose 1.01 kGy 
compared to the control. A 1.3 log CFU/g reduction was seen with 3.05 kGy and a 
2.5log CFU/g reduction was noted with 5.16 kGy over storage (Table 5). On day 0, yeast 
counts were below detection limit for 3.05 and 5.16 kGy. Yeast counts increased rapidly 
with 1.01 and 3.05 kGy during storage with counts as high as control on day 12 (Fig. 
17). The rate of growth with 5.16 kGy was slower and at day 12 had lower counts than 
control. The effect on reducing yeast counts was dose dependent with a higher dose 
resulting in higher reduction and a lower dose resulting in lower reduction. Mold counts 
were reduced below detection limits with 3.05 and 5.16 kGy on day 0 and continued to 
remain the same throughout storage (Fig. 18). There was no reduction seen with 1.01 
kGy on mold counts and they continued to grow as high as control during storage thus 
indicating that the storage temperature of 5oC did not appear to suppress growth of 
yeasts and molds. A majority of studies report both YNM counts as one entity. However, 
this study enumerated YNM separately and hence a direct comparison may not be valid. 
In the study completed by Neal et al. (65), they reported that total yeasts and molds were 
reduced significantly in samples that received 1.4 kGy of e-beam treatment; however, 
the organisms were able to recover to levels similar to control by day 4 and throughout 
the duration of storage, both control and irradiated samples continued to show growth 
with no significant differences in counts between treated and non treated samples. 
 LAB counts reduced significantly (P < 0.05) for all irradiated samples compared 
to the non-irradiated control. The effect noted in reduction again was dose dependent 
with high doses showing higher reduction as one would expect. E-beam irradiation dose 
  
FIGURE 17.  Growth of yeasts on irradiated baby spinach stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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FIGURE 18.  Growth of molds on irradiated baby spinach stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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of 5.16 kGy reduced LAB counts by 4.3 log CFU/g, 3.05 kGy reduced it by 3.1 log 
CFU/g and the least dose 1.01 kGy by 1.2 log CFU/g compared to the control (4.6 log 
CFU/g) (Table 5). On day 0, all irradiated spinach showed significant (P < 0.05) 
reduction in LAB counts and the effect was dose dependent. However, during storage, 
counts did not change significantly (P < 0.05) for doses 3.05 and 5.16 kGy (Fig. 19). 
LAB counts increased for 1.01 kGy over storage and reached the levels of control over 
storage (Fig. 19). Neal et al. (65) reported a higher reduction in LAB counts in their 
study. A reduction of 2.3 log CFU/g with 0.7 kGy and 2.7 log CFU/g with 1.4 kGy was 
reported on day 0 compared to control. However, no significant (P > 0.05) difference in 
counts between the 2 irradiation doses were noted on day 0. LAB counts for samples 
treated with 0.7 and 1.4 kGy doses were 1 log CFU/g and 2.3 log CFU/g less than 
control samples at day 14 and counts did not increase until 21 days for spinach samples 
treated with 1.4 kGy (65). Results from the present study suggest that a target low dose 
of 1 kGy is capable of reducing microbial counts and improving shelf life of baby 
spinach. 
 
Romaine lettuce 
Firmness 
Firmness values for romaine lettuce did not change significantly (P > 0.05) 
between control dose 0 and the lowest dose 1.10 kGy. But the changes were significant 
(P < 0.05) and dose dependent between control and doses 3.07, and 5.07 kGy. The 
firmness value was least for dose 5.07 kGy (177.31 N) compared to control (240.34 N)  
  
 
FIGURE 19.  Growth of LAB on irradiated baby spinach stored at 5°C over 12 day. Data points with the same letter are not 
significantly different (P > 0.05). 
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(Table 6). The leaves looked wilted and the midrib looked soft and translucent at the 
highest dose through the storage period. Han et al. (40) observed a marked decrease in 
firmness of romaine lettuce leaves (49.58%) and ribs (29.13%) when treated with e-
beam as the dose level increased from 0 to 3.2 kGy. But Prakash et al. (80) observed a 
10% loss in firmness at 0.35 kGy gamma radiation which was due to the fact that the 
texture measurement was done only for the green leaves without the ribs whereas this 
study measured texture for the entire leaf including the ribs. 
 
Color 
For romaine lettuce, e-beam treatment at doses tested (1.1, 3.07, and 5.07 kGy) 
on day 0 had no effect on the color of the lettuce leaf as color measurement was done on 
the green leaf. (Table 6)  Lettuce leaves treated at dose 3.07 (on day 12), and 5.07 (from 
day 6 to 12) had a translucent midrib. There was an interaction between storage time and 
dose (P < 0.05) for chroma which increased for control, 1.1 and 3.07 kGy over storage 
(Fig. 20). But for leaf treated with 5.07 kGy, chroma decreased and the leaf had brown 
pigmentation on the top side of the green leaf away from the midrib. Due to the small 
perforations made in the bags, the atmosphere was not depleted of O2, which might have 
resulted in the enzymatic browning effect. In accordance with our results, Han et al. (40) 
also observed that chroma values of the romaine lettuce leaves of the control sample 
remained constant for the entire storage period. However, the leaves of samples 
irradiated  at  1.0kGy  showed  higher  chroma  values  than the control during the entire  
  
 
Table 6. Least squares means for firmness (N), chroma, respiration rate (ml CO2/ kg-h), APCs, Yeast and Mold, LAB for 
romaine lettuce as affected by different dosage of electron beam irradiation. 
 
 
 
 
 
 
 
 
 
 
 
 
a is the P-value from Analysis of Variance table 
RMSE = Root Mean Square Error  
bcdef Means within the same column and effect that have a common letter are not significantly different (P > 0.05). 
Effect Texture (N)  APC  Yeast  Mold  LAB  
RMSE 40.91 0.51 0.48 0.30 0.64 
Dose  <0.0001a  <0.0001a <0.0001a <0.0001a  <0.0001a 
0 240.34d  5.2e  3.6e  2.8d  5.2d  
1.10 230.98d  2.9d  3.1d  2.3d  2.9c  
3.07 215.61c  1.9c  2.3c  1.1c  3.0c  
5.07 177.31b  1.3b  2.0b  <1b  2.1b  
Days  <0.0001a  0.0026a  <0.0001a 0.0110a  <0.0001a 
0 198.61b  2.4b  1.8b  1.5b  2.0b  
3 204.27b  2.6bc  2.3c  1.8c  2.6c  
6 210.08b  3.0c  2.7d  1.7b  4.0d  
9 231.20c  2.8cd  3.3e  1.7b  3.8d  
12 236.14c  3.3d  3.8f  2.0c  4.2d  
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FIGURE 20.  Least square means of chroma values for romaine lettuce as affected by interaction between storage days and 
irradiation dose. Data points with the same letter are not significantly different (P > 0.05). 
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storage period. Increased darkening (L value) in the romaine lettuce leaves was also 
reported by Prakash et al. (80) but no difference in the color of the lettuce samples was 
reported due to treatment with gamma irradiation. Kei et al. (1) noted that there is tissue 
wounding due to irradiation and this wounding triggers enzymatic browning leading to 
color loss. Furthermore, the oxidation of phenols by polyphenoloxidases and peroxidases 
to O- quinones results in polymerization leading to formation of dark pigments (1). 
 
Respiration rate 
 Romaine lettuce leaves treated with e-beam doses of 1.10, 3.07, and 5.07 kGy, 
exhibited significantly (P < 0.05) higher respiration rates compared to control on day 0 
which is consistent with the other commodities tested in this experiment (Table 6). 
Respiration rate decreased for all samples including control from day 0 to day 3 but 
stabilized during the 12 day storage period. Fig. 21 shows the interaction between 
storage time and dose. Respiration rate decreased for all samples during storage 
including control. Irradiation treatment with 1.10 kGy had a lower respiration rate 
compared to the high doses of 3.07 and 5.07 kGy (Fig. 21). Also, throughout storage, the 
e-beam treated lettuce had higher respiration rate compared to the control. Han et al. (40) 
treated packaged romaine lettuce with e-beam irradiated at 1.5 and 3.2 kGy and observed 
that the treated products had significantly higher CO2 levels than the control after 
irradiation at day 0 which is consistent with our findings. Hagenmaier and Baker (39) 
reported that the respiration rate for irradiated cut iceberg lettuce was 33% higher than 
the control 1 day after treatment, the  same  after 8 days, and slightly lower after 13 days.
  
 
 
 
FIGURE 21.  Least square means of respiration rate values (ml of CO2 / kg-h) for romaine lettuce as affected by interaction 
between storage days and irradiation dose. Data points with the same letter are not significantly different (P > 0.05). 
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Microbiological counts  
 APCs in e-beam irradiated romaine lettuce showed significant (P < 0.05) 
reduction compared to control and the effect was dose dependent. The highest dose 5.07 
kGy resulted in the highest reduction of 4.2 log CFU/g whereas 3.07 kGy resulted in a 
3.5 log CFU/g reduction and 1.10 kGy gave the least reduction of 2.4 log CFU/g (Table 
6). Irradiated samples had significantly (P < 0.05) lower APCs on day 0 compared to the 
non-irradiated control (4.7 log CFU/g). During storage, APCs increased in both the 
irradiated and control samples (Fig. 22) with an exception of samples treated with 3.07 
kGy which did not show any change in APCs. At the end of 12 days of storage, the 
irradiated samples had significantly (P < 0.05) lower APCs compared to control. E-beam 
irradiation at dose 1.10 kGy appears to be promising for enhancing shelf life of romaine 
lettuce since irradiation reduced APCs significantly compared to the conventional de-
contamination techniques. 
Prakash et al. (80) studied effects of low dose gamma irradiation on cut romaine 
lettuce packed under MAP and found that the microbial load was reduced by 
approximately 1.5 logs with a dose of 0.35 kGy throughout the study. Gamma radiation 
dose of 0.15 kGy resulted in smaller reduction. Results of this study are in agreement 
with Zhang et al. (113) who found a dose dependent reduction in APCs on fresh cut 
lettuce. A 3.1 log CFU/g reduction in APCs with 1.5 kGy gamma radiation was reported 
and the counts increased over storage of 8 days.  
   
  
 
 
FIGURE 22. Growth of APCs on irradiated romaine lettuce stored at 5°C over 12 days. Data points with the same letter are 
not significantly different (P > 0.05). 
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Yeast population on irradiated romaine lettuce reduced significantly (P < 0.05) 
compared to the control. As in case of APCs, the reduction was dose dependent. A 1.8 
log CFU/g reduction was found with 5.07 kGy followed by a 1.3 log CFU/g reduction 
with 3.07 kGy and a 0.5 log CFU/g reduction with the least dose 1.10 kGy (Table 6). 
Yeast counts for all the irradiated samples increased during storage (Fig. 23). Yeast 
counts increased at a higher rate for samples treated with 3.07 and 5.07 kGy than with 
1.10 kGy during storage. Counts for control samples did not change during storage (Fig. 
23). At a lower dose of 0.35 kGy of gamma radiation, Prakash et al. (80) observed a 
reduction of 1 log CFU/g in the initial YNM counts. At 0.15 kGy, there was no 
significant reduction in YNM counts. During storage, the YNM counts increased but 
were still lower than the non-irradiated control (80). Also, it was noted that mold counts 
were not detected consistently during storage, so the total counts were mostly 
representing yeast colonies (80). In the present study, mold counts were taken separately 
and a reduction could be easily noted. Dose 1.10 kGy did not result in any significant (P 
> 0.05) reduction but with 3.07 and 5.07 kGy, significant reduction (P < 0.05) in mold 
counts was noted. Mold counts were below detectable limit with irradiation dose of 5.07 
kGy and did not change during storage (Fig. 24). Mold counts increased only in control 
and 3.07 kGy but not with 1.10 and 5.07 kGy during storage. 
 LAB counts were reduced significantly (P < 0.05) for all irradiated samples 
compared to the non-irradiated control. The highest reduction of 3.2 log CFU/g was 
achieved with 5.07 kGy (Table 6). On day 0, there was no significant reduction in LAB 
counts with 1.10 and 3.07 kGy, but counts increased rapidly for control during storage
  
 
 
FIGURE 23. Growth of yeasts on irradiated romaine lettuce stored at 5°C over 12 days. Data points with the same letter are 
not significantly different (P > 0.05). 
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FIGURE 24. Growth of molds on irradiated romaine lettuce stored at 5°C over 12 days. Data points with the same letter are 
not significantly different (P > 0.05). 
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FIGURE 25. Growth of LAB on irradiated romaine lettuce stored at 5°C over 12 days Data points with the same letter are not 
significantly different (P > 0.05).
de
fg
h
h
h
cd
de
defg
de
efg
cd cd
efg
de
g
b
bc
defg def
cd
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
0 2 4 6 8 10 12 14
L
o
g
 
C
F
U
/
g
Days
0 kGy 1.1 kGy 3.07 kGy 5.07 kGy
85 
 
86 
 
(Fig. 25). Although counts for irradiated samples also increased during storage, it was at 
a much slower rate. Both 1.10 and 3.07 kGy had similar counts at day 12 (Fig. 25). This 
may be due to the inability of the sub-lethally injured LAB to proliferate on romaine 
lettuce under low temperature of 5oC. Kim et al. (50) evaluated effect of low dose 
gamma radiation on survival of LAB on shredded iceberg lettuce. At 0.5 kGy, LAB 
counts were reduced to below the limit of detection and did not grow throughout the 10 
day storage period. The control non-irradiated sample was 3.61 log CFU/g on day 0 and 
increased to 4.25 log CFU/g at the end of storage. 
 
Strawberries 
Firmness 
 Effect on texture changes was very prominent in strawberries treated with 1.07, 
2.92, and 5.43 kGy e-beam dose. Firmness value for non-irradiated control (3.39 N) was 
significantly (P < 0.05) higher than dose 1.07 kGy (1.95 N), 2.92 kGy (1.32 N), and 5.43 
kGy (0.64 N) (Table 7). Strawberries treated with 5.43 kGy e-beam were very mushy 
and at the end of storage, about 7 ml of fluid was collected in the Ziploc® bag containing 
4 medium sized fruits. Damage to cell membranes results in loss of intracellular water 
leading to loss of cell turgescence (104). Yu et al. (110) found a significant correlation 
between the firmness and oxalate-soluble pectin in irradiated strawberries, but no 
correlation between water-soluble pectin and firmness. Irradiation induced texture 
change has been associated with changes in pectic substances (44). According to 
  
Table 7. Least squares means for firmness (N), chroma, respiration rate (ml CO2/ kg-h), APCs, Yeast and Mold, LAB for 
strawberries as affected by different dosage of electron beam irradiation. 
 
 
 
 
 
 
 
 
 
 
 
 
a is the P-value from Analysis of Variance table 
RMSE = Root Mean Square Error  
bcde Means within the same column and effect that have a common letter are not significantly different (P > 0.05). 
Effect APC  Yeast  Mold  LAB  
RMSE 0.96 0.58 0.48 1.09 
Dose  <0.0001a <0.0001a <0.0001a  <0.0001a  
0 3.5d  4.3e  3.9d  4.0d  
1.07 2.5c  3.8d  3.7d  2.3c  
2.92 2.2c  3.4c  2.2c  1.0b  
5.43 1.4b  2.2b  <1b  1.3b  
Days  <0.0001a <0.0001a 0.0077a  0.0314a  
0 1.4b  2.7b  2.2b  1.3b  
3 1.3b  3.0b  2.6c  2.1bc  
6 3.2c  3.4c  2.7c  2.2bc  
9 3.5c  3.8cd  2.9c  2.7c  
12 2.7c  4.1d  2.7c  2.5c  
87 
 
  
 
FIGURE 26.  Least square means of firmness values (N) for strawberries as affected by interaction between storage days and 
irradiation dose. Data points with the same letter are not significantly different (P > 0.05). 
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D’Amour et al. (21), this tissue softening may be caused by partial depolymerization of 
cell wall polysaccharides, mainly cellulose and pectins. There was an interaction 
between time and dose for firmness in strawberries (Fig. 26) where the control and fruits 
treated with 1.07 kGy exhibited a decrease in firmness during storage. However, with 
2.92 and 5.43 kGy, there was no change in firmness noted during storage (Fig. 26). 
 
Color 
Chroma values did not change for all doses tested (1.07, 2.92, and 5.43 kGy) as 
compared to control on day 0 (Table 7). The interaction between storage time and dose 
(P < 0.05) is shown in Fig. 27. There was no change in chroma values for control and 
with 2.92 kGy during storage, but for dose 1.07 and 5.43 kGy, chroma value dropped 
significantly (P < 0.05) (Fig. 27) more for a high dose (5.43 kGy). Strawberries may 
tolerate gamma irradiation up to 2 kGy (97). Doses in excess of 2 kGy caused texture 
and color changes of strawberries (97). Zegota (112) noted the loss of color of 
strawberries after treatment with 2.5 kGy and 3.0 kGy irradiation. Yu et al. (109) 
observed that Hunter L values increased with irradiation dose for e-beam. 
 
Respiration rate 
  Respiration rates for strawberries followed the same pattern as for the other 
commodities tested. All treated samples (1.07, 2.92, and 5.43 kGy) had higher 
respiration rates on day 0 compared to the non-irradiated control and all samples 
  
 
FIGURE 27.  Least square means of chroma values for strawberries as affected by interaction between storage days and 
irradiation dose. Data points with the same letter are not significantly different (P > 0.05). 
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FIGURE 28.  Least square means of respiration rate (ml CO2 / kg-h) for strawberries as affected by interaction between 
storage days and irradiation dose. Data points with the same letter are not significantly different (P > 0.05). 
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including control had lower respiration rates on day 3 compared to day 0 (Table 7). Over 
the storage period, an interaction with dose was observed (Fig. 28) and respiration rate 
decreased for all samples including control on day3, but remained stable through day 12. 
The reduction was highest in dose 5.43 kGy. There are no studies reporting effect on 
respiration rate in irradiated strawberries but Moreno et al. (63) reported that the 
respiration rate of blueberries treated with e-beam doses of 1.1, 1.6, and 3.2 kGy was 
high right after irradiation. The CO2 concentration was significantly higher for treated 
samples compared to control over storage. 
 
Microbiological counts  
 Strawberries when treated with e-beam at doses 1.07, 2.92, and 5.43 kGy showed 
reduction in APCs compared to the control. Significant (P < 0.05) reduction was seen for 
all doses but the highest reduction of 2.4 log CFU/g was seen with 5.43 kGy (Table 7). 
With 1.07 and 2.92 kGy the reduction in APC was 1 log CFU/g and 1.6 log CFU/g 
respectively. APC reduction was dose dependent and on day 0, the counts were below 
detection limit of 1 log CFU/g with 2.92 and 5.43 kGy. However, no significant (P < 
0.05) reduction was noted with 1.07 kGy compared to control on day 0. Although, 
during storage counts in all treated samples increased drastically reaching levels of 
control by day 12 (Fig. 29).  
Most studies involving irradiation of strawberries have focused on YNM counts 
since strawberries are a commodity which supports the growth of YNM which are the 
main spoilage microorganisms found in strawberries. Yeast counts were significantly (P  
  
 
FIGURE 29. Growth of APCs on irradiated strawberries stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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FIGURE 30. Growth of yeasts on irradiated strawberries stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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< 0.05) reduced for all irradiated samples compared to control and the reduction was 
dose dependent. Control samples had an initial yeast count of 4.3 log CFU/g which was 
reduced by 2.2 log CFU/g with 5.43 kGy, by 2.2 log CFU/g with 2.92 kGy and by 1.1 
log CFU/g with 1.07 kGy (Table 7). On day 0, yeast counts were lower for irradiated 
samples, the least for 5.43 kGy. During storage, the counts increased to levels of control 
with 1.07 and 2.92 kGy at a faster rate than for 5.43 kGy (Fig. 30). Mold counts were 
significantly (P < 0.05) reduced for 2.92 and 5.43 kGy and highest reduction as expected 
was seen with 5.43 kGy with counts below detection limits throughout storage. No 
reduction in counts was noted for 1.07 kGy on day 0 and counts did not increase during 
storage. But for control and with 2.92 kGy, counts increased during storage (Fig. 31). A 
dose of 2.92 kGy is suitable for reducing YNM counts in strawberries according to this 
study. Yu et al. (109) tested quality changes in e-beam irradiated Tristar strawberries and 
reported that irradiation suppressed fungal growth but during storage, the counts 
increased for the irradiated products. The shelf life of strawberries was extended as 
irradiation dose increased.  
Botrytis cinerea is necrotrophic fungus that affects soft fruits like strawberries 
and grapes and Barkai-Golan et al. (5) who studied effect of gamma radiation on the 
keeping quality of strawberries reported that although a dose of 1 kGy caused a slight 
reduction of rot incidence initially, during storage of 4 days facilitated fungal growth and 
recovery resulting in a considerable rise in rot incidence. 
  
 
 
FIGURE 31. Growth of molds on irradiated strawberries stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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FIGURE 32. Growth of LAB on irradiated strawberries stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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LAB counts were reduced in all irradiated fruits when compared to the non-
irradiated control with the highest reduction of 3.4 log CFU/g with 2.92 kGy and 3.0 log 
CFU/g with 5.43 kGy. With 1.07 kGy, the reduction was 1.6 log CFU/g (Table 7). LAB 
counts did not increase for all irradiated samples during storage in contrast with control 
where counts increased significantly during storage (Fig. 32). LAB counts were below 
detection limits with 2.92 and 5.43 kGy on day 0. LAB thrive under reduced oxygen 
content and have the property of producing lactic acid from sugars by fermentation. 
Strawberries treated with e-beam probably were sub lethally injured and did not have a 
conducive atmosphere for rapid growth. 
 
Green onion 
Firmness 
 E-beam doses of 1.03, 3.05, and 5.11 kGy in green onion showed significant (P < 
0.05) reduction in firmness as compared to non-irradiated control (415.06 N). The effect 
was dose dependent with lower dose having higher firmness value (370.73 N) and higher 
doses have lower firmness value (326.49 N for 3.05 kGy, and 279.83 N for 5.11 kGy) 
(Table 8). Like in the case of baby spinach, green onion treated at the highest dose of 
5.11 kGy showed soggy appearance and this is in accord with Fan and Sokorai (29) who 
reported that celery, carrot, and green onion had the highest increase in leakage when 
treated with radiation dose above 1 kGy. However, Kim et al. (48) observed no 
consistent effect on the texture of fresh-cut green onions at a dose 1.5 kGy when treated 
with gamma irradiation. Another study on gamma irradiation on green onion conducted 
  
Table 8. Least squares means for firmness (N), chroma, respiration rate (ml CO2/ kg-h), APCs, Yeast and Mold, LAB for green 
onion as affected by different dosage of electron beam irradiation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a is the P-value from Analysis of Variance table 
RMSE = Root Mean Square Error  
bcde Means within the same column and effect that have a common letter are not significantly different (P > 0.05). 
Effect Chroma Respiration rate 
(ml CO2/ kg-h) 
APC Yeasts Mold LAB 
RMSE 4.75 3.79 0.56 0.74 N/A 0.69 
Dose 0.056a 0.0005a <0.0001a <0.0001a <1 <0.0001a 
0 26.93b 28.34b 7.2e 5.9e <1 4.0d 
1.03 27.63b 30.44bc 2.7d 4.5d <1 3.2c 
3.15 29.62c 34.38d 1.9c 2.3c <1 2.8c 
5.17 27.99b 32.78cd 1.0b 1.5b <1 2.1b 
Days 0.0126a <0.0001a 0.0201a <0.0001a N/A 0.0010a 
0 26.68b 46.04c 3.1bc 2.5b <1 2.3b 
3 27.06bc 28.52b 2.8b 2.7b <1 2.8bc 
6 27.29bc 27.16b 3.4cd 3.7c <1 3.5d 
9 29.94d 28.65b 3.1bcd 4.4d <1 3.2cd 
12 29.25cd 27.06b 3.6d 4.4cd <1 3.4d 
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FIGURE 33.  Least square means of firmness values (N) for green onion as affected by interaction between storage days and 
irradiation dose. Data points with the same letter are not significantly different (P > 0.05). 
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by Fan et al. (27) noted that the firmness of fresh-cut green onions irradiated at doses 1, 
2, and 3 kGy was similar to the non-irradiated controls at 1, 5, or 9 day of storage. There 
was a dose and time interaction and during storage, control samples reduced in firmness. 
Samples treated with 1.03 kGy did not show any changes in firmness over storage but 
with 3.05 and 5.11 kGy however, firmness increased during storage (Fig. 33).  
 
Color 
Green onion showed significant (P < 0.05) increase in chroma value only for 
dose 3.05 kGy compared to control but for the other doses tested (1.03 and 5.11 kGy) 
did not show any significant (P > 0.05) difference (Table 8). The chroma values 
increased only for dose 3.05 kGy over 9 days and reduced on day 12 which might be 
attributed to piece to piece variation and may not be linked to dose effect. The other 
doses did not exhibit any change in chroma values over storage. This is in agreement 
with Kim et al. (48) who reported that compared with the control, irradiation treatment at 
0.5, 1, and 1.5 kGy doses did not significantly change chroma values. This however, is 
different from the observations of Fan et al. (27) who found that fresh cut green onion 
irradiated at 1 kGy had similar color values as control during the 14days storage period. 
However, samples treated at 2, and 3 kGy had increased chroma values during storage. 
 
 Respiration rate 
Green onion treated with e-beam at doses 1.03, 3.05, and 5.11 kGy had higher 
respiration rates when compared to control. However, the increase was not significant (P 
102 
 
< 0.05) for dose 1.03 kGy. Dose 3.05 and 5.11 kGy had the highest respiration rate over 
the storage period and they were comparable to each other (Table 8). Irradiated samples 
had a higher respiration rate compared to non-irradiated control on day 0 and respiration 
rate for all samples including control decreased on day 3. During storage this trend 
continued and all samples had a stable respiration rate with irradiated samples slightly 
higher than the control. Respiration is an indicator of metabolic activity of all living 
produce and plays a role in the keeping quality of fresh produce. The rate of 
deterioration is generally proportional to their respiration rate (83). 
 
 
Microbiological counts   
 E-beam irradiation reduced APCs in green onion significantly (P < 0.05) 
compared to control (Table 8). From an initial count of 7.2 log CFU/g with dose 0 
(control), a 4.5 log CFU/g reduction was noted for the lowest dose of 1.03 kGy. 
However, with 3.05 kGy, the reduction was 5.6 log CFU/g and the counts were below 
detectable limit of 1 log CFU/g with 5.11 kGy (Fig. 34). APCs for control increased 
during storage but all treated samples did not show any increase in counts during 
storage. The results are in agreement with Kim et al. (48) who also found an initial 
reduction of 3 to 3.5 log CFU/g in APCs compared to control for cut green onions which 
were dipped in warm water followed by a low dose gamma irradiation (0.5 to 1.5 kGy). 
Fan et al (27) tested gamma radiation doses of 1, 2, and 3 kGy and found that there was 
deterioration in quality of green onion at 2 and 3 kGy although at these doses, the 
microbial counts were not detectable. However, samples treated with 1 kGy retained 
  
 
 
FIGURE 34. Growth of APCs on irradiated green onion stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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quality and had a reduced microbial load throughout the 14 days storage (27).  
Yeast counts were reduced significantly (P < 0.05) for all irradiated samples 
compared to counts for non-irradiated control (5.9 log CFU/g) (Table 8). Highest 
reduction of 4.8 log CFU/g was found for the highest dose of 5.11 kGy followed by a 3.9 
log CFU/g reduction with 3.05 kGy and the least reduction of 1.3 log CFU/g was noted 
with 1.03 kGy. Yeast counts were below detection limits of 1 log CFU/g on day 0 with 
3.05 and 5.11 kGy (Fig. 35) but increased during storage. Counts increased for samples 
treated with 1.03 kGy during storage, however; control samples did not show any growth 
throughout storage (Fig. 35). The present study enumerated YNM separately and mold 
counts were below detection limits for all samples including control throughout storage. 
Butris et al. (12) studied the effect of gamma and e-beam irradiation on microbial counts 
on green onion and recorded reduction in YNM counts by 3-5 log CFU/g due to 
irradiation.  
LAB counts were reduced due to irradiation at all doses (Table 8). No significant 
difference (P > 0.05) in counts was found for samples treated with 1.03 and 3.05 kGy. E-
beam treatment with the highest dose 5.11 kGy showed a reduction of 1.9 log CFU/g. 
Reduction in counts for LAB with 1.03 and 3.05 kGy was 0.8 log CFU/g and 1.2 log 
CFU/g respectively. LAB counts increased during storage for control, 1.03 and 5.11 kGy 
but with 3.05 kGy, no increase in counts was observed. At the end of storage period, 
counts with 1.03 kGy were as high as control. LAB thrive in decayed fruits and 
vegetables due to the acid production leading to low pH. Untreated control was seen to  
  
 
 
FIGURE 35. Growth of yeasts on irradiated green onion stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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FIGURE 36. Growth of LAB on irradiated green onion stored at 5°C over 12 days. Data points with the same letter are not 
significantly different (P > 0.05). 
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Have the highest count of LAB by the end of storage indicating that irradiation helps in 
controlling LAB growth in green onion for 12 days. There were no studies found which 
focused on effects of irradiation on LAB in green onion.  
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CONCLUSIONS 
 
E-beam irradiation at low doses was found to be an efficient tool for 
decontamination of fresh produce. The present study shows that irradiation can 
effectively reduce levels of Salmonella and E. coli O157:H7 increasingly at 0.2, 0.4, 0.6, 
0.8, and 1.0 kGy in fresh cut cantaloupe, fresh cut roma tomatoes, baby spinach, and 
romaine lettuce. The D10-value for Salmonella on e-beam irradiated cut cantaloupe, cut 
roma tomatoes, baby spinach, and romaine lettuce was found to be 0.71 kGy, 0.64 kGy, 
0.19 kGy, and 0.23 kGy respectively. The D10-value for E. coli O157:H7 on the same 
was found to be 0.73 kGy, 0.54 kGy, 0.18 kGy, and 0.20 kGy respectively. Factors such 
as shape and size of the commodities being irradiated affect the uniformity and hence 
effectiveness of absorbed dose. Thus, it is important to suggest D10-values for pathogens 
after taking into consideration several physical, chemical and processing parameters of 
the commodity of interest.  
 Low dose e-beam irradiation was found to be an excellent tool for ensuring the 
reduction of spoilage organisms and extension of shelf life in cut cantaloupe, cut roma 
tomatoes, baby spinach, romaine lettuce, strawberries, and green onion. Irradiation 
followed by storage at 5°C for 12 days was efficient at reducing the microbial load of the 
tested produce. Spoilage organisms varied in their response to irradiation. Changes in 
color, texture, and respiration rate were significant with 5 kGy treatment. Strawberries 
treated with 5 kGy had a mushy appearance by the end of the storage. Baby spinach and 
green onion displayed a wet and soggy appearance whereas romaine lettuce leaves were 
wilted had a translucent midrib and brown pigmentation on the leaf with 5 kGy. Color in 
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cut tomatoes was redder (higher chroma value) by the end of storage with 5 kGy. The 
impact on color was lowest with target dose 1 kGy compared to target doses 3 kGy and 5 
kGy for all commodities tested.  
 Firmness reduced appreciably for cut roma tomatoes, baby spinach, strawberries, 
and green onion with increasing doses. High dose imparted a mushy and soggy 
appearance due to loss of firmness. Romaine lettuce showed large reduction in firmness 
at 3.07 and 5.07 kGy but had no effect with 1.10 kGy. Cut cantaloupe was low in 
firmness but was not dose dependent.            
 E-beam irradiation increased respiration rate for all samples on day 0 compared 
to non irradiated control irrespective of the commodity type. The effect was dose 
dependent and low dose had least increase in respiration rate.  
 APCs, yeast counts, and LAB were reduced appreciably at all doses tested on all 
commodities. Molds did not grow on any samples including control for cut cantaloupe, 
cut tomatoes, and green onion but for the other commodities, molds were reduced as 
effectively as vegetative bacteria. LAB were reduced at all doses while the reduction 
was highest with 5 kGy in all commodities, there was no significant difference noted in 
counts between 1 kGy and 3 kGy in green onion and romaine lettuce. In cut cantaloupes 
and cut roma tomatoes, no difference was noted between 3 kGy and 5 kGy.  
 From this research, it is proposed that electron beam irradiation can be effective 
as a decontamination strategy in the processing of packaged fresh-cut produce. A low 
dose of 1 kGy is effective in reducing microbial counts while having least effect on the 
qualityfor all commodities tested. In addition, a high dose of 3 kGy is suitable for cut 
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cantaloupe and cut roma tomatoes according to the results. For these two commodities, 
e-beam dose of 2 kGy should be applied to test the effect on quality. But a high dose of 5 
kGy has a detrimental effect on produce quality. However, a sensory evaluation of the 
irradiated produce against the non-irradiated produce must be carried out to correlate the 
instrumental findings. The proposed technology for shelf life extension may have the 
potential to be applied to various other produce commodities to address quality and shelf 
life issues faced by the fresh-cut produce industry. 
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